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- 1. Artificial Lift

1.1 PANCANADIAN PETROLEUM AND BMW PUMP (SLIM-HOLE PC PUMP)

PanCanadian Petroleum Limited and BMW Pump Inc. (Chachula and Anderson, 1995) described
the development and field testing of a slim-hole high-volume progressive-cavity (PC) pump for lifting
viscous cil (12° API) with a high sand content. Testing showed that increased efficiency would be
attamable at lower rotary speeds in slanted (35-45°) slim holes. Savings in drilling and completion by using
slim holes in their operations amounted to 18% for a typical 16-well pad.

The slim PC pump was developed for use in the Frog Lake field in northeast Alberta, The productive
horizon is capable of prolific production of high-viscosity oil with water and sand cut. Previous experience
showed that conventional artificial lift would not be economically successful. A typical pad layout is shown
in Figure 1-1.

o o

&

‘ r Figure 1-1. Typical Pad Layout at Frog Lake Field (Chachula and Anderson, 1995)
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Progressive-cavity pumps are similar to Moineau motors in basic design. They produce a steady flow
that is proportional to rotary speed and pressure differential across the pump. A standard pump design was
modified for this application (Figure 1-2), including cutting down the outer diameter of the stator section
to 3.80 inches. Heavy-wall pipe for the pump body was required for elastomer injection but not for pump
operation. The trimmed system could then be deployed in slimmer holes.

AP! 89 mm Tubing

Stator (3.80° OD)

Pr, Rotor Pitch Length

4E, £ = Eccentricity

Dr, Rotor Diameter

~a— End Coupling - Tag Bar
=

Figure 1-2. Slim Progressive-Cavity Pump (Chachula and Anderson, 1995)

Modifications to the standard pump for slim applications are summarized in Table 1-1. Bench tests
of pump performance were very successful (Figure 1-3).
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TABLE 1-1, Madifications for Slim PC Pump (Chachula and Anderson, 1995)

SERIES 83-600 STANDARD PUMP

SERIES 83-600 SLIM PC PUMP

STATOR OD 4.500 inches 3.800 inches

STATOR LENGTH 289 inches 289 inches

ROTOR OD Major diameter = 2.265 Major diameter = 2.252
Minor diameter = 1.720 Minar diameter = 1.716

DISPLACEMENT

83 m®/day/100 rpm

83 m®/day/100 rpm

NET LIFT 600 meters of water 600 meters of water
TEST TORQUE 516 ft-Ibs at 100 psi/stage 498 ft-lbs at 100 psi/stage
EFFICIENCY 72% at 100 psifstage 78% at 100 psi/stage
STAGES 9 9

Lo || BOTQR Double Plated Chrome Double Piated Chrome

of sand p'rqduced in the initial stages of production.

" The operator had seen a high failure rate for downhole pumps (Figure 1-4) caused by large volumes

EFFICIENCY & TORQUE VS. DIFFERENTIAL PRESSURE
r (PUMP SPEED - 300 RPM)
100 600
————— et . Lsoo
80 .W
. L 400 —
2 60 '." 2
E e - 300 %
3 .t g‘
g L.t L300 "
20 pe=” - 100
— Pump Eff. (%)
= = = Torque {{tAbs)
° 300 600 900 1100
Differential Pressure (PS1) |

Figure 1-3. Efficiency and Torque of Slim PC Pump (Chachula and Anderson, 1995)

Two slant wells at Frog Lake were chosen for prototype development of the slim-hole PC pump.
Through these tests PanCanadian hoped to gain sufficient confidence to proceed with further applications
of these pumps in slim wells. The downhole equipment for a typical slim completion is shown in Figure

1-5.

1-3
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2 1. Wallhead drive assembly

2. 88.9mm hydril serles 500 type 501 integral tubing
string (982 mm OD)

1. Py 's* hydraulic tubing drain (114.3mm OD,
7 74.'Glmm01 o/w 31 mPx lhegr value. Type §11 pin X

type 501 box

[] JJ 4 Mﬁeﬁm ::i:'?r";a. mlm £ l:o run:).mm

5. Fiva joints B8.9 mm series 300 type 511
*53.9mm OO, 76mm (D) flush tubing

6. Serles 56-1200 (18 stage) slim hole high volume
progressive cavity pump

[ 7. Conventional 25mm sucker rod string c/w coated
centralixed couplings

o W

8. Production casing, 140mm OD, 20,83 kg/m, 127.7mm 10

') mﬂﬁquﬁm lll.imm Huber NETB spin trough

| I
| I |
‘o

|
Figure 1-5. Downhole Equipment for Slim PC Pump (Chachula and Anderson, 1995)

Results with the slim PC pumps were successful. Pump efficiencies increased significantly (to 85-
95%) across the entire pump life. The low rate of sand-ins in the prototypes prompted the operator to
proceed with additional installations inside 140-mm (52-in.) casing. Sixteen wells were next drilled at
inclinations ranging between 12 and 45°. Overall cost savings with respect to the conventional 178-mm
(7-in.) completion averaged 18% (Table 1-2).
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TABLE 1-2. Slim-Hole Cost Savings (Chachula and Anderson, 1995)

DETAILS 178 MM CASING 140 MM CASING | COST SAVINGW
Surface Hole
Surface Hole Size mm: 311 311
Surface Casing Size: 2445 219.1
Waeight kg/m: 53.57 35.72
ID mm: 225 205.68
Grade: H-40 J-65
Connection; ST&C STAC
$/m: 55.05 38.03
Hole Depth m: 100 26
Casing Cost $: 5600 1000 4500
Surface t: 8 3
‘Cement
~Surface Cement Cost §: 3500 2100 1400
: Majn Hole
I Maln Hole Size mm: 222 200
Production Csg Size mm: 177.8 139.7
Weight kg/m: 29.8 20.8
Grade: J-65 J-b5
Connaction: ST&C ST&C
$/m: 31.68 21.09
_ Hole Depth m: 675 675
" ‘Casing Costs $: 21400 14200 7200
Main Hole t: 17 20
* Prod‘n Cement Cost $: 8800 10400
(1600}
Other Savings:
Rig @ 12 hrs less:(@12M$/day) 6000
Mud, water, etc. @10% less 2000
Bits are a wash:
222 mm tooth bit = $2125
200 mm tocth bit = $1980 \
TOTAL SAVINGS $19500/WELL
{18% Cost Reduction)
1-5 ©Maurer Engineering inc.



1.2 REFERENCES

Chachula, R .C. and D. G. Anderson, 1995: “Slim-Hole, High-Volume, PC Pump Development for
150 mm Cased Well Applications,” SPE 30270, presented at the International Heavy Oil Symposium,
Calgary, Alberta, Canada, June 19-21.
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2. Bits
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2. Bits

2.1 CHEVRON, DIAMOND PRODUCTS AND DELMAR DIRECTIONAL (SLIM BICENTER
BIT)

Chevron USA Production Company, Diamond Products International Inc. and Delmar Directional
Systems (Sketchler et al., 1995) described the design and field testing of a slim bicenter bit for decreasing
costs associated with re-entries through 7-in. casing. Bicenter technology allowed fewer bit runs and
eliminated the risks associated with using underreamers in slim-hole high-angle wells. Overall re-entry
costs were reduced about 45% as compared to offset wells.

Chevron found significant potential for slim-hole re-entries in the Gulf of Mexico. Sections drilled
out'of 74n; casing typically range from 5% to 6% inches, allowing running 5-in. casing in the horizontal

section: - Eiroblems have arisen when trying to fish 3%-in. assemblies through 5-in. casing. It has been

found to be expedient to underream the intermediate hole to accommodate a 5%4-in. casing string. Slim
uniderreamers used for this application have been successful; however, mechanical failures and high costs
are assqcigted with their use.

.i-B'icénter bit (Figure 2-1) technology was investigated as a means to reduce risks and costs of
underreaming operations. Typical problems with bicenter bits (short life, undergauge hole, poor directional
performance) were decreased through better design of cutters and changing the direction of the imbalance
forces.

Figure 2-1. Bicenter Bit (Sketchler et al., 1995)

2-1 ©Maurer Engineering Inc.



Shaped cutters and reverse bullets (Figure 2-2) have been successfully used to stabilize bits in a
variety of designs. Both of these elements are primarily designed for stabilization (not cutting) by limiting
penetration of the primary cutters. The benefits of stabilization include reduced cutter breakage, reduced
torque and improved directional characteristics.

Figure 2-2, Shaped Cutter (left) and Reverse Bullet (right) (Sketchler et al., 1995)

s Dlrectlonal characteristics of a moderately aggressive PDC bit without stabilizing elements are
1llustrated 1n Flgure 2-3.

S Bit performance improves after shaped
s 7 { o cutters and reverse bullets are added (Figure 2-4).
/ROP was also increased with the new bits as a

-------

A - -
: Lq.f ."\l-"~~“..

e A side benefit of improved performance.
: i These improvements in PDC-bit technology
i‘ PDC Bit Run ‘]I were applied to bicenter bits.  Additional

modifications included placing a small stabilizer

i between the pilot bit and reamer section, and
80 - —

increasing the imbalance of the pilot bit so that it
3 . 505 100515052005250530053505400545055005 . .
Vertical Section {fesl) will (partially) counterbalance the reamer

Figure 2-3. Standard PDC Directional Performanceimbalance force and reduce vibration loads.
(Sketchler et al., 1995)
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Figure 2-4. Directional Performance with Shaped
Cutters and Reverse Bullets (Sketchler et al , 1995)
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- An improved 6 x 7-in. bicenter bit was used for a well in the Bay Marchand area in the Gulf of
Mexico. The plan called for sidetracking out of 7-in. casing, holding angle in a 7° tangent section, and then
building to horizontal at 6°/100 feet. Liner (5% in.) would be run into the hole.

The new bicenter bit performed very well without severe or erratic vibration. No excess wear of any
component was observed. Build rates with the steerable assemblies (Table 2-1) were comparable with
those attained with conventional assemblies.

TABLE 2-1. BHAs with Improved Bicenter Bit (Sketchler et al., 1995)
BHA #1 BHA #2 BHA #3 BHA #4 BHA #5 BHA #6
6 X 7 Bicenter 6 X 7 Blcenter 6 X 7 Bicenter 6 X 7 Bicenter 6 X 7 Bicenter 6 X 7 Bicenter
1% Degree Tandem 1% Degree Tandem 2 Degree Tandem 2Ya Degree Tandem 1% Degree Tandem 2% Degree Tandem
Motor Motor Motor Motor Motor Motor
& Double Pln Sub Double Pin Sub Double Pin Sub Double Pin Sub Double Pin Sub Double Pin Sub
" s nbj_l'llzer 5%" Stabllizer Float Sub Float Sub 6%" Stabllizer Float Sub
Float s:b Float Sub 10' Non-Magnetic 10" Non-Magnetic Float Sub 10" Non-Magnetic
Flex Flex Flex
Orlentlng:ISub 10’ Non-Magnetic Jolnts Joints 10° Non-Magnetic Joints
PEE Flex Flex

— 'z-ﬁo'n;ira;netlc Jolnts MWD Collar MWD Collar Jolnts MWD Collar

lex

I : mJénInt‘s MWD Collar Double Pin Sub Double Pin Sub MWD Collar Double Pin Sub

54" stabﬁlzer 30' Non Magnetic Reslstivity Collar Reslstivity Collar 30" Non Magnetic Resistivity Collar
: . Flex Flex
3-4%" brllltcOIIar Joints 30" Non Magnetic 30" Non Magnetic Joints 30" Non Magnetic
o Flex Fiex Flex
33 -é‘A" He;vy Wt. §4” Stabllizer Jolnts Joints 6" Stabillzer Joints

Driil Pipe 3 - 4%" Drlli Collar 24 3%" Heavy Wt 24 Q%" Heavy Wt. 33 -3%" Heavy Wt. 24 3%”" Heavy WA,
Jars 33 3%" Heavy Wt Drill Plpe Drill Pipe Drlll Pipe Drill Plpe
8 - 3% "Heavy Wt Drlll Pipe Jars Jars Jars Jars
Drill Pipe Jars 41 - 3%"Heavy Wt, 41 - 3%"Heavy Wt. 8 - 3% "Heavy Wt. 41 - 3% "Heavy Wt.
8 - 3%"Heavy Wt, Drifl Plpe Drill Plpe Drlil Pipe Drlll Plpe
Drill Plpe

Significant cost savings were erjoyed with this project. With the previous conventional approach,
a minimum of three rock bits (two trips each), a PDC bit run and at least two underreamer runs would have
been required. The bicenter bit can be used to complete the job in only two runs. This allows an overall
savings of $225,000 (45% of total costs) as compared to offset wells in the area.

r“
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2.2 HUGHES CHRISTENSEN AND AMOCO (SLIM COATED TSP BIT)

Based on significantly increased interest in improved bits for slim holes, Hughes Christensen (and
other manufacturers) have introduced newly engineering lines of small-diameter bits (37 to 6% in.) with
advanced roller-cone and PDC technologies. Previous generations of slim bits have had a history of
problems in the field (weak bearings in slim roller-cone bits; and high torque fluctuations, cutter fracturing,
and rapid gauge wear in slim PDC bits). A range of improvements have been incorporated into both bit
types to address the market demands. Reports from the field have shown significant increases in ROP and
durability, and reductions in drilling costs.

Hughes Christensen and Amoco Corporation (Felderhoff et al.,, 1995) collaborated in the
development of an improved TSP bit for drilling a 4%-in. section in the Prentice Field in West Texas. The
best design drilled 28% faster and lasted 4 times longer than bits used previously. Total costs were reduced
19% perwell with the improved slim bit.

Theuse of fixed-cutter bits in this area has begun only relatively recently. Improvements in diamond-

blt design have resulted in the use of these bits in drilling environments once reserved for roller-cone bits.
‘Tests had shown that TSP bits provided the lowest cost per foot in this West Texas area. Amoco decided
to optimize bit design further with a controlled experimental program. Parameters for the testing program
are summarized in Table 2-2.

- TABLE 2-2. Drilling Equipment for Slim TSP Tests (Felderhoff et al., 1995}

“Rig: Workover
Pump: Triplex
1 Filow Rate: 160 gpm

Standpipe Pressure: 1,700 - 2,200 psi

Hydraulic HP/in?: 1.69 HHP/in?
Total Flow Area: 0.25 in*
{later changed to 18/32 = .2485)
Weight on Bit: 6000 - 12,000 pounds
Bit Speed: 600 (MACH Il) - 900 {MACH I}

{combined motor and power swivel)

Circulating Fluid: Freshwater (8.4 ppg 28 vis)
{changed out a midpoint of interval to reduce solids)

2-4 ©Maurer Engineering Inc.



New diamond-cutter coating technology was also investigated. These coatings have been found to
improve cleaning, among other benefits. A three-layer metal coating ensures solid bonding of the cutter
to the bit and prevents the TSP from cracking during manufacturing,

A series of tests was conducted to increase performance. The shape of the TSP was changed to
hexagonal to increase impact resistance. Back-rake angles were adjusted to increase durability. A variable
TFA nozzle system was also added. TSP bit #4 (Table 2-3) drilled 1440 ft in four wells with an average
ROP of almost 53 ft/hr.

TABLE 2-3. Performance of Slim Coated TSP Bits (Felderhoff et al., 1995)

Bit Type No. Avg. Avg. Avg. Avg. $/Foot
Wells Feet/Well Hours ROP
1:57265 (old H#1) 2 478 18.6 34.7 12.66
|'s #1 (3bits) 18 325 8.4 38.7 13.60
5725 H#2) 7 425.7 9.1 46.8 10.88
: e j28725 {H#3A) 7 412.9 7.9 52.3 12.34
25725 (H#3B} 5 332.8 7.2 46.2 12.20
7 25725 (H¥4) 4 860 6.8 52.9 10.94
.Calculations based on $300/hours rig and motor cost Savings: $2.61/foot
Total fogtage drilled (bits 2, 3A, 3B and 4): 894 feet Total Savings: $23,422

" The use of coated TSP cutters was found to increase the average drilled feet per bit by 985 fi.
Overall drilling costs were reduced $2.61/ft ($23,422 per well).

2.3 HYCALOG (BIT SELECTION)

Hycalog (Feiner, 1995) summarized major concemns for bit selection with respect to slim-hole
operations on drill pipe and coiled tubing. PDC, TSP, natural diamond, and roller-cone bits are all used
in slim-hole drilling. Technical constraints at smaller diameters have lead to design modifications and
adjustrments to operating practices.

Lithological description is key in the initial steps of bit selection. After this type of data is analyzed,
other constraints guide bit selection. Due to larger proportions of hydraulic horsepower being consumed
by frictional pressure losses, less power is generally available to dnive the bit, with correspondingly smaller

2-5 ©Maurer Engineering Inc.



ratios of HHP/inch®>. Torque may also need to be carefully limited due to relative weaknesses in drill-string

elements.

Identifying the best bit type is the next step. Natural- and synthetic-diamond bits, roller cone, and
combination bits have each proven the best choice in particular situations. Basic advantages of these bit
types are compared in Table 2-4.

- TABLE 2-4. Features of Slim Bits (Feiner, 1995)
Small Diameter Bits Advantages Disadvantages
Raller cone bits Lowest torque requirements. Moving parts can fail.
Can drill most formation types, High weight on bit.
Can drill out shoes. Limited sizes available.
Adjustable hydraulics. Long lead times for new sizes.

Nathat diamond Low torque. Fixed total flow area.

Can be manufactured to any size | Can easily ball in soft
quickly. formations. Slow ROP.
Drill harder, more abrasive High weight on bit.
formations.
Long life.
1. TSP. Normally faster ROPs than Shorter drilling life than natural
. natural diamonds. diamonds. May have shorter
Require less WOB than natural life due to inadequate cooling.

diamonds. Can be manufactured Fixed total flow area. Has
to any size quickly. Lower torque | balling potential.
response than PDC bits.

=" Combination ND and TSP | More impact resistant than Slower ROPs than PDC bits.
Cg natural diamonds. Can drill a Fixed total flow area. Has
greater variety of formations than | balling potential.
natural diamonds or TSP bits
alone. Can be manufactured 10

any size.

PDC Can produce high RCPs. Highest torque. Limited drill
Needs least weight for drilling. out capabilities of float
Adjustable hydraulics. Design equipment.

flexibility. Shorter manufacturing

t time.

Slim PDC bits require the least WOB and can typically drill faster and longer than other bit types.
Their design parameters are also quite flexible. Reliability of slim PDC bits is also good. Disadvantages

of PDCs for slim applications include the highest torque generated of any bit type.

Natural-diamond bits generate low torque. These bits have been used in build sections drilled on
coiled tubing as a conservative approach to maintain directional control. However, if hydraulics change
following a trip, diamond bits cannot be reconfigured at the rig.

246 ©Maurer Engineering Inc,



TSP (thermally stable) bits allow a compromise between PDC and natural diamonds. ROP with TSP
bits is faster than with natural diamonds, and less torque is generated than with PDC bits. As another
approach to decrease limitations, combination TSP/natural-diamond bits have been successfully used in
slim holes (Figure 2-5).

Figure 2-5. Combination TSP/Natural-Diamond
Slim Bit (Feiner, 1995)

In-one application in the Austin Chalk, the formation was first identified as able to be drilled with a
PDC bit.; A 4%-in. lateral section was drilled with a PDC bit with 8-mm cutters. The bit drilled 4584 ft
at over 25 fv/hr, amounting to a world-record run.

24 MARATHON AND HUGHES CHRISTENSEN (PERMIAN EXPERIENCE)

Marathon Qil Company and Hughes Christensen Company (Tank et al., 1996) summarized
developments in bits, motors, and techniques that have reduced costs in the Permian Basin. Slim roller-
cone bits have played an important role in the slim-hole horizontal drilling applications. Several wells have
been drilled with 37-in. roller-cone bits on new 3%-in. PDMs. New equipment and optimized procedures
have reduced per-foot costs by over 50%, increased total penetration per bit, and increased wellbore
displacement.

In previous operations with marginal development in the Permian Basin, slim-hole designs were used
in horizontal re-entries. Reduced ROPs were seen with earlier systems, and the cost advantages of a slim
hole were often offset by lenger drilling times. However, with new optimized systems, ROPs were nearly
doubled.

2-7 ©Maurer Engineering Inc.



In the Yates Field Unit, short-radius profiles were often used due to the thin target zone. Lateral
lengths attained an average length of 190 ft in early efforts. With optimized bits and motors, the laterals
now achieve an average length of 780 ft.

A standard truck-mounted workover rig is used to drill these slim-hole re-entries. Equipment
includes a triplex pump, power swivel, and 2%-in. drill string. JADC 537 and 547 roller-cone bits have
been found to be best suited to this geology. Diamond bits have been used and have demonstrated less
success than roller cone. One exception is a coated TSP bit (see section 2.3).

Bearing speed in the roller-cone bit decreases with hole size (Figure 2-6).

A
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Figure 2-6. Roller-Cone Bearing Speed (Tank et al., 1996)

= ‘Ball-lock cone retention systems (Figure 2-7) have been found to be especially beneficial in slim-hole
rfOl\_Ife'r-cohe";bits, providing better retention and higher rpm capacity. Most bits used in the Permian projects
incorporate these elements.

Figure 2-7. Ball-Lock Bearing Retention (Tank et al., 1996)
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A typical bit (Figure 2-8) is as short as possible to enhance directional capability.

Figure 2-8. Short-Body 4%-in. Bit (Tank et al., 1996)

Motor de51gns have been improved by lengthening the housing of the build section (Figure 2-9). This
modlﬁcauon proved to enhance the positional stability of the BHA.

JOINT

KNUCKLE .. .. POWER SECTION
JOINT

KNUCKLE
JOINT

STABILIZER

Figure 2-9. Typical PDM in Permian Basin (Tank et al., 1996)

Slim-hole motor specifications are summarized in Table 2-5. Improvements in the motor have been
shown to increase average ROP from about 30 ft/hr to 60 ft/hr.

Diff, Max Oper.

Motor
Size Pressure Torque
3" 37A" - 4%" 60' - 100" 90-120 182 - 365 260F 400 ft Ibs

3%” 4%" - 4%" | 40'-100' | 160-185 | 210- 370 260F €683 psi €679 it lbs

29 ©Maurer Engineering Inc.



Drilling performance has also been improved by using a thinner drilling fluid. Operators have
reduced the concentration of biopolymer, resulting in increased turbulence downhole and improved
cuttings removal.

The use of intermediate-radius profiles has allowed greatly increased lateral reach. Average
displacement has increased from 488 ft to 1300 ft. Marathon saved over $100,000 on each of three
intermediate-radius horizontal slim-hole re-entries. These new profiles have reduced the number of
correction runs needed. Longer runs have been enjoyed, along with faster ROPs and less formation
damage.

2.5 REED TOOL COMPANY (NEW SLIM BITS)

Reed Tool Company (Neal, 1996) described the development process for an improved 4%-in. insert
bit for slitnehole horizontal re-entries. A special concurrent engineering approach reduced development

time for the new bit by about 25%. Animproved cone retention design resulted in increased performance
in E;gygrafﬁeld applications. A savings of 40% compared to previous horizontal wells was reported for one

‘Qperﬂationwih New Mexico. This represented a cost reduction of $52/ft.

» The pnmary improvement in the design of the new 4%-in. bit was the use of a two-piece threaded
rmg retentlon mechanism to attach the cone on the journal (Figure 2-10). Ball bearings, the most common
means to retain cones, have been found to be less effective in slim bits.

Figure 2-10. Cone Retention for Slim Bit (Neal, 1996)

Several field tests were performed with the bit in Canada, New Mexico and North Dakota. Data
from offset wells were analyzed in detail for performance comparison. Overall results showed that bits nun
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in build sections drilled an average of 295 ft in 25 hr at 10,000 Ib WOB and 180 rpm. No bearing failures
were reported. Bits run in the lateral drilled an average of 580 ft in 30 hr at 12,000 1b WOB and 320 rpm.
Fourteen percent bearing failures were reported. Bits run in vertical sections drilled an average of 419 ft
in 36 hr at 16,000 Ib WOB and 50 rpm. No bearing failures were reported.

Footage drilled per bit is compared for several field trials in Figure 2-11. Drilling hours are
compared in Figure 2-12,

BUILD SECTION
E . I
g - .
Figuré 2-11. Footage Drilled for New 4%-in. Figure 2-12. Hours Drilled for New 4%-in.
' Insert Bit (Neal, 1996) Insert Bit (Neal, 1996)

26 UNION PACIFIC RESOURCES AND ROCK BIT INT. (SINGLE-CONE BIT)

v Umon Pacific Resources and Rock Bit International (Flatern, 1995) performed preliminary testing
ofa su_;gle-cone bit (Figure 2-13) for slim-hole drilling applications. The 4%-in. bit was patterned after the
Russian Zeublin bit. Good bit design allowed bearing surface durability to be equivalent to that of a 9%-in.
t'gicgne_gbit.

Figure 2-13. 4%-in. Single-Cone Bit (Flatern, 1995)
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Results from three bit runs demonstrated that the bit has low cone seal rpm, extended life, and a
greater response to changes in rotary speed than to WOB, allowing easier discernment of bit failure in the
hole. No additional deviation tendencies were observed.

ROP with the single-cone bit compared well with a conventional 77%-in. bit at 90 to 100 ft/hr. These
original tests were conducted with N-80 tubing as the drill string and air as the drilling fluid. Several
operators plan to run the new bit with standard drill strings and muds.
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3. Cementing

3.1 BJSERVICES INDONESIA (LIQUID CEMENT PREMIX)

BJ Services Indonesia (Anderson et al., 1996) described the use of a liquid cement premix (LCP)
to maintain accurate density control in restrictive applications including slim holes. LCP is a storable
cement slurry with set-retarding and conditioning agents that can be stored in liquid form indefinitely
(several days to more than six months), and made to set when required. Slurry density is 16 ppg in stored
form and can be diluted to the required density on site. This new system was applied successfully in a slim-
hole geothermal evaluation project in Indonesia.

Slim-hole techniques were employed to reduce the environmental impact of an appraisal project of
a geothermal resource on the island of Java. A significantly reduced site size was possible (Figure 3-1).

Fuml Tonk

o

Figure 3-1. Indonesia Slim-Hole Site (Anderson et al., 1996)

The LCP is activated at the rig site by the addition of an activator. The cement then behaves as a
conventional slurry with excellent setting behavior (Figure 3-2).
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Figure 3-2. Thickening Time of LCP (Anderson et al., 1996)
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Figure 3-3. Mixing Equipment for LCP (Anderson et al., 1996)

Wellbore temperatures as high as 450°F can be treated. Thickening time can be adjusted between
1 to 24 hours. LCP is compatible with conventional cementing additives.

. Traﬂgr-momted batch mixers (Figure 3-3) are used when operations require different densities for
leadand tail slurries.

O'vérrtwenty jobs completed with the LCP are summarized in Table 3-1. Many more jobs are being
planned by operators in the area.

TABLE 3-1. LCP Jobs (Anderson et al., 1996)
JOB MTE l_flG OPERATION DEPTH|BHCT|DENSITY| ACTIVATOR | VCLUME

NUMBER fest |degF| ppg A-1 A3 | bbla
ad1 29/03/06 |Rig # 2 [9-5/8" Casing 126 80 [ 1600 |0.10 Q.55 200
a2 04/04/96 |Rig # 2 |Lost Circulation Plug#| 617 | 100 | 14.00 [0.4S 0.80 75
003 04/04/96 |Rig # 2 [Lost Circulation Plugh2] 617 | 100 | 14.00 [0.45 Q.40 75

004 | 05/04/06 |Rig # 27" Casing 617 | 100 | 13.50 |0.26  0.55| 250
005 | 05/04/86 |Rig # 27" Back-fil 617 | 100 | 1350 [0.25 055 250
006__| 05/04/96 |Rig #2(7" Top Job 126 | 80 | 1600 [020 D55 100
007 | 13/04/98 [Rig # 1 |Lost Cirrulation Plugh#1| 22 | 80 | 1400 [0.30  0.80] 10.0
008 | 13/04/96 [Rig # 1]Lost Ciroulation Piug#2| 22 | 80 | 1400 [0.30 _ 080 10.0
Q06| 15/04/96 |Rig ¥ 1]8-5/8" Casing 108 | 80 | 1800 |0.40 _ 0.55 400
010__| 22/04/96 |Riy # 1|Lost Circulation Plag¥1] 260 | 80 | 1450 [055  0.80] 10.0
011 | 26/04/96 |Rip# 17" Casing (lead) 1000 | 110 | 13.50 [040 _ 0.15] 35.0

7" Casinp {tal) 000 | 110 | 16.00_[040  ©I5] 10.0
012__| 26/04/96 [Rig# 1[7" Top Job D00 | 80 | 16.00_[0.10  DZ5| 1b.0
013__| 20/04/06 |Rip #2[4-1/2" Casing (lead) 82T | 120 | 13.50 |040 035 20.0

41/2" Casing (tall) 1627 | 120 | 1600 |0.05 _ 0.20] 100
014 | 30/04/98 |Rig # 2|4-1/2" Back-fill 1827 | 120 | 13,50 |040 0.5 300
015 | 30/04/98 |Rig #2[4-1/2" Top Job 827 | 80| 3800 [0.10 _ 055 100
016 | 08/05/98 |Rig # 1]4-1/2" Casing (lead} 975 | 135 | 13.50 [040 0.20] 350

975 | 135 | 18.00 [0.0% 0.10 10.0
97 135 | 18.00 |0.05 0.55 20.0
975 80 | 18.00 [0.10 0.55 10.0

4-1/2" Casing (1ail) 1
017 08/05/96 |Rig # 1 [4-1/2" Back-fill 1
018 08/05/96 |Rig # 1 |4-1/2" Top Job 1

019 25/05/96 |Rig # 2 |[Cemen Plug 4175 | 185 | 18.00 |0.00 0.15 4.0
020 26/05/98 |Rig # 2 |Cement Squeeze 1720 80 | 1490 |0.35 0.55 4.0
021 26/05/96 |Rig # 2 [Cement Squeeze 1720 80 | 1490 (035 0.55 5.0

Total: 373.0

Note: Activaior concentrations specified in gallons par barrel of Liquid Cement
BJ Services Indonesia emphasized that storage life of LCP must be tested at rigsite ambient

temperatures (not necessarily room temperature). Thickening times should also be checked before LCP
is pumped into the well.
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LCPs are of obvious benefit for slim-hole operations for which site size is limited. BJ Services
believes that these products are also a realistic altemnative for conventional operations by making use of
larger storage tanks.

3.2 SCHLUMBERGER DOWELL (ANADARKO EXPERIENCE)

Schlumberger Dowell (Waters and Wray, 1995) described cementing developments and experience
in cementing narrow slim-hole annuli in the Anadarko Basin. They found that a more dispersed cement
is required to reduce friction pressure losses. At the same time, acceptable fluid-loss control and solids
suspension must be maintained. A rapid and predictable transition from fluid to set cement is very
advantageous. Mud removal is also critical in a slim annulus. It may be possible to attain turbulent flow
to aid in removal of dnlling mud during cementing operations. Development, laboratory testing and field

perations were successfully conducted with improved spacer and cement formulations and field
procedures.

“*A common casing program in the Anadarko Basin (West Oklahoma and Texas panhandle) includes
5 Y-in’ intermediate casing with a 3%-in. liner or 27%4-in. production casing run below into the Red Fork
i"onnaﬁon iilside a 4%-mn. hole. Achieving an effective seal in the narrow annulus of the production zone
was studied in detail.

o Standard cement slurries in this area included Class H cement, silica sand and/or flour, a retarder,
a dlspersant and a cellulose fluid-loss additive. Inadequate performance of this system in the narrow annuli
was attributed to poor mud removal and nonoptimum slurry properties. Transition periods with cellulose

@efé found to be about 49 minutes. This long transition period may allow excessive invasion of reservoir
fluid into-the slurry during set-up.

A new slurry was developed specifically for these slim-hole applications. Basic objectives included:

Reduced slurry viscosity without sedimentation problems

* Reduced transition period from fluid to set cement

« Effective placement techniques based on turbulent flow or optimized laminar flow
 Low fluid loss and free water

Computer modeling was used to estimate flow rates required (and attainable) for the spacer and
slurty. An appropriately designed spacer can achieve turbulent flow at pump rates of 3 BPM and above
outside the 3'%-in. liner.

Friction pressure must be monitored at higher pump rates. Pumping pressure is compared to pore
and frac pressures in Figure 3-4. These data represent a 3%-in. liner in 4%-in. open hole, spacer under
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turbulent flow and a pump rate of 3.5 bpm. Only a limited range of flow rates can attain turbulence while
remaining below frac pressure.

If the hole is over gauge due to washout, injection rates required for turbulence most likely cannot
be attained. Careful attention should then be given to optimizing laminar flow techniques.

Waters and Wray discussed steps to ensure effective removal of drilling mud when laminar
conditions must be used. These include:

« Density of displacing fluid should be at least 10% greater than displaced mud
« Friction pressure of the displacing fluid should be at least 20% greater than displaced mud

» Flow rates on the narrow side of an eccentric annulus must be sufficient to overcome the yield
point of the mud

Tuid velocity on the wide side of an eccentric annulus must not be significantly greater than on the
arrow side so that channeling is minimized
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Figure 3-4. Cement Pump Pressures and Frac Gradient
{Waters and Wray, 1995)
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Maximum and minimum pump rates for meeting these criteria can be estimated. Rates for spacer
and slurry for 3%-in. liner in 4%-in. hole are summarized in Table 3-2. Rates of 1 to 6 BPM are
appropriate for a centered lmer. However, maximum practical rates are limited by formation frac pressure.

TABLE 3-2. Pump Rates for Effective Laminar Flow of Spacer (Waters and Wray, 1995)

Displacing Fluid: Drilling Mud
Displacing Fluid: Laminar Flow Spacer

Open Hole Size

Standoff 450" 475" 5.0"
% bpm bpm bpm
100% Min. Rate 1.0 1.0 1.0
Max. Rate 3.0 5.0 6.0

95% Min. Rate 1.0 1.0 1.0
Max. Rate 3.0 5.0 6.0

85% Min. Rate 1.0 1.0 1.0
Max. Rate 3.0 4.0 6.0

75% Min. Rate 1.0 1.0 1.0
Max. Rate 2.0 3.0 5.0

Displacing Fluid: Laminar Flow Spacer
Displacing Fluid: Cement Slurry

Open Hole Size

Standoff 4.50" 475" 5.0
% bpm bpm bpm
100% Min. Rate 1.0 1.0 1.0
Max. Rate 6.5 7.5 8.4
95% Min. Rate 1.0 1.0 1.0
Max. Rate 7.1 8.0 9.0
85% Min. Rate 1.0 1.0 1.0
Max. Rate 8.6 8.6 10.7
75% Min. Rate 1.0 1.0 1.0
Max. Rate 10.7 1.8 13.2

Schlumberger Dowell found that the required fluid-loss properties using conventional cellulose
additives are difficult to attain without significantly increasing viscosity. A copolymer fluid-loss additive
was investigated for these applications. Viscosity increases with copolymer were found to be relatively
small.
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Slurry thickening time was another important property. To reduce the time available for gas cutting,
a thickening time of 1 hr after placement was considered maximum. In many cases, this requirement

dictates that retarder not be used.

Turbulent flow was also desired for slurry placement. Minimum pumping rates are compared in
Table 3-3 for the 3%-in. liner and 274-in. casing options. Limitations in the flow rates for mud removal

preclude obtaining turbulent flow with the slurry.

TABLE 3-3. Pump Rates for Turbulent Slurry Placement (Waters and Wray, 1995)

Liner Quter Diameter: 3%”

Cpen Hole Size
Standoff 4.50" 4.75" 5.0"

Field Name % bpm bpm bpm
Class H 100% 7.00 7.34 7.83
Cement 95% 7.50 7.96 8.46
Plus 85% 9.03 9,55 10.10
Copolymer 75% 11.22 11.81 12.44

Casing Outer Diameter: 274"

Open Hole Size
Standoff 4.50" 4.,75" 5.0"

Fluid Name % bpm bpm bpm
Class H 100% 6.93 7.45 8.02
Cement 95% 749 8.03 8.61
Plus B5% 8.81 9.54 10.16
Copolymer 75% 10.95 11.63 12.35

Several cementing jobs have been performed with the optimized system. One well had a 3%-in. liner
cemented from 12,900 to 12,500 ft. The turbulent spacer and modified cement slurry were used.
Thickening time for the cement is shown in Figure 3-5. The transition time was only 20 min and total
thickening time was just over 3 hours. An excellent hydraulic seal was obtained over the entire interval.
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Figure 3-5. Thickening Time for Field
Slurry (Waters and Wray, 1995)

Based on slim-hole cementing experience in the Anadarko Basin, Schlumberger Dowell
recommended that small-annulus wells be carefully modeled prior to cementing, that spacers be pumped
in turbulent flow if possible, that cement slurries be pumped using effective laminar placement techniques
(since turbulent flow probably cannot be attained), that minimum fluid-loss values be used, that thickening
time after placement be minimized, and that transition times from fluid to set cement be short as possible.

3.3 SHELL RESEARCH AND HALLIBURTON ENERGY SERVICES
(MUD DISPLACEMENT)

Shell Research Rijswijk and Halliburton Energy Services (van Vliet et al., 1995) performed a
theoretical and experimental study of cementing efficiencies in a slim-hole annulus using conventional and
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special drilling fluids. They analyzed cement displacement for cementing a 3'%-in. liner in a 4'4-in. hole.
Both computer simulations and experimental results were compared. Harsh environmental conditions were
assumed: a HPHT well with a minimal window between pore and frac pressures. Their results showed that
a conventional solids-laden water-base drilling fluid cannot be fully displaced by the slurry. However, a
potassium-formate brine drilling fluid can be displaced at almost 100% efficiency. They concluded that
drilling fluids with low, flat gel strength that produce a thin, tough filter cake are greatly preferred from the
aspect of improved cementing efficiency in slim hoies.

A paramount concem in slim-hole cementing operations is excessive frictional pressure loss when
pumping fluids at high rates in the narrow annulus (Figure 3-6). Rule-of-thumb recommendations suggest
a displacement velocity of at least 80 m/min (260 ft/min). It is challenging to achieve efficient
displacement of the drilling fluid while remaining below frac pressures in a slim annulus.

a5 .. ] —%— Pumpate 320 kmin

.........................................

Pressure Loss (MPa)

Hil —

04 — -+ + } i i
F12x4-F4  J1Zx4-BM 1R x 412 312 %x4-¥8 I iZx41/4 IJi2x41B 2 x4

‘ Annulus Size (in)

Figure 3-6. Pressure Losses in Slim Annuli (van Vliet et al., 1995)

Computer simulations were performed using a modified Bingham plastic model that did not include
the effects of eccentricity or rotation. Two basic drilling fluids were modeled: 1) conventional water-base
fluid weighted with barite and 2) caesium formate brine-base fluid with xanthan polymer. A weighted
spacer {SG = 2.34) was required. Spacer volumes corresponded to either 300 or 1000 m height in the
annulus. Slurry density was also high (§G =2.37).

Results of the simulations indicated that an 80 m/min annular velocity could not be achieved in the
3% by 4%e-in. annulus of the HPHT well tested.

Experiments were conducted in a test apparatus consisting of a 4.6-m length of artificial sandstone
(Figure 3-7). The inner pipe was rotated at 20 rpm during pumping,
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Figure 3-7. Experimental Apparatus for Cementing Tests
(van Vliet et al., 1995)

. Two HPHT drilling fluids were tested (Table 3-4). The brine-base fluid is part of Shell Research’s
QVér"‘a]l slim-hole development project underway for the past few years.

TABLE 3-4. Fluid Properties (van Vliet et al., 1995)

APl mud fluid loss
T PV - YP 10"/10° gels Volume Cake thickness
Fluid {°C) | (cP - Ibs/100 ) {bs/100 ) {ml/30 min} (mml]
Conventional drilling fluid 80 43 - 38 50/115 8 3
Heavy brine based drilling fluid 80 43 - 27 5/7 4 0.5
Dual spacer 27 81-26 417 -- -
Cement slurry 27 43-12 10/37 - --

The maximum displacement efficiency of the drilling fluid by the cement ranged only from 65-80%
with conventional muds (Table 3-5). A mud channel was observed in all cases. Increasing the contact time
of the spacer (test 4) or slurry (test 5) did not improve displacement.

3-9 ©Maurer Engineering Inc.



TABLE 3-5, Experimental Results (van Vliet et al., 1995)

Test [Average pipe Fluide Annular velocity [Contact time|Pressure to break |Mud displacemeant
Istand-off (%) {m/min} {min) circulation (kPa) | efficiency {%) [Remarks
1 & IConventional mud 100 80 620 79 Base case
[Spacer 80 4
IComent 50 12
2 17 IConventional mud 100 80 410 65 Base case
ISpacer 80 4
ICement 50 12
3 8 IConventional mud 100 80 480 78 Attempt to
Chem. wash 80 4 Fremove mud
Spacer 80 4 [with chemical
Cement 50 12 wash
IConventional mud 100 80 550 66 Coment
Spacer 80 12 lvolume
Cement 50 12 doubled
13 IConventional mud 100 80 850 66 Cement
Spacer 80 4 lvolume
cement 50 24 doubled
6 12 Brine-based mud 100 80 100 g5 Base case with
ISpacer 80 4 PFX-2 mud
IC ement 50 12
7 .. 9 Brine-based mud 100 80 70 93 No pipe
ISpacer 80 4 rotation
Cement B0 12
8 - 7 Brine-based mud 50 160 70 95 { ower annular
Spacer 50 6.5 velocity of mud
IC ement 50 12 Iﬂi spacer

Remarks: 1)
2}
3)

Tests were preceded by 8 hr mud circulation stage.
Pipe was rotated at 20 RPM, except in tests 7 and 8.
Test temperature was 30°C.

Results with the brine-base muds were excellent (close to 100% displacement). Fluid properties that

were found to be important were not primary rheology (PV, YP). It was determined that it is important
to use a drilling fluid with low, flat gels that form a thin, tough filter cake.

Example graphs comparing contact times for the experiments are shown in Figure 3-8.
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Figure 3-8. Annular Velocities During Cementing with

Conventional Fluid: a) Simulation b) Experiment
(van Vliet et al., 1995)

- Shéll Research Rijswijk and Halliburton Energy Services concluded that, for cementing slim-hole
wells, it is very important to use a drilling fluid that has a low, flat gel strength and forms a thin, tough
filter cake. Brine-based fluids are representative of these types of fluids.

3.4 - REFERENCES

Anderson, J.W., Buchanan, AL, and Susanto, A., 1996: “New Technology Eliminates Bulking in

Cementing Operations,” SPE 36478, presented at the SPE Annual Technical Conference, Denver,
Colorado, October 6-9.

van Vliet, JP.M., Bour, D.L, and Griffith, J.E., 1995: “Slimhole Cementing - Analysis and

Possible Solution of the Problem,” SPE 30511, presented at the SPE Annual Technical Conference,
Dallas, Texas, October 22-25.

Waters, G.A., and Wray, B.L,, 1995; “Narrow Annulus Cementing in the Deep Anadarko
Basin,” SPE Drilling and Completion, March.

3-11 ©Maurer Engineering Inc.



3-12

©Maurer Engineering Inc.



4. Completions

TABLE OF CONTENTS

Page
COMPLETIONS . o e e e e e it et e 4-1
4.1 ARCO ALASKA (KUPARUK COMPLETIONS) ........ ..., 4-1
4.2 BP (SAVINGS WITH SMALLER COMPLETIONS) ....... ... viiiiinnnens 4-5
4.3 CHEVRON USA (SLIM-COMPLETION INJECTORS) ...... ..., 4-6
4.4 HALLIBURTON ENERGY SERVICES (SLIM-HOLE SSSV) ................... 4-8
4.5 SHELL CANADA, BAKER AND IMPORT TOOL (THIN LINERS) ............. 4-11
4.6 TEXACO (DUAL TUBINGLESS COMPLETIONS) ... .. e 4-15
4.7 REFERENCES ... . i i e et et e e e e e ieeaaas 4-16

4-i ©Maurer Engineering Inc.



4-ii

©Maurer Engineering Inc.



4. Completions

4.1 ARCO ALASKA (KUPARUK COMPLETIONS)

ARCO Alaska (Pearson et al., 1996) achieved significant cost reductions by combining slim-hole
drilling and completion technology with increased efficiency in planning and procurement of consumables.
A goal was set for the Kuparuk River Field (Figure 4-1) for reducing well costs by 30%. Reduced-
diameter injectors and monobore producers were designed for the field. Early results with the revised
designs and operations showed that the potential exists for exceeding 30% cost reductions as the
equipment and procedures are finely optimized.

Figure 4-1. Kuparuk River Field (Pearson et al., 1996)

Development wells in the Kuparuk River Field have generally used a standard drilling and
completion program which consists of 16-in. conductor, 9%-in. surface casing, and 7-in. production string
(Figure 4-2). A 5-in. liner is run when overpressured zones are encountered or lost circulation occurs.

Completions are either single zone or selective for two productive sands.
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Figure 4-2. Conventional Selective
Completion (Pearson et al., 1996)

Historic costs in the field are compared in Figure 4-3. Expected costs for future wells were
determined to be too high because most future wells would be infill wells. With significantly lower
reserves associated with each well, costs needed to be reduced to maintain economic viability.
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Figure 4-3. Drilling Costs at Kuparuk River (Pearson et al., 1996)
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A goal of 30% cost reduction was set (i.e., starting in 1994). No single cost category was foreseen
for achieving the entire reduction. Small-scale reductions were implemented in several areas. These
included: 1) long-term alliances with contractors and suppliers (7% savings), 2) optimized well drilling
plan that eliminated cement isolation of upper annulus, eliminated SSSVs, reduced gyro runs and reduced
open- and cased-hole logs (4% savings), 3) reduced number of selective completions (2% savings) and 4)
field management procedures to reduce reservoir pressure around an infill well prior to initiating drilling
operations (4% savings).

Beyond these steps (a 1 7% cost reduction), slim-hole drilling was the remaining potential technology
for savings. ARCO determined that 3'4-in. production tubing was required for the expected flow rates.
The downsized drilling program included a 97%-in. surface hole and 6%-in. production hole.

A significant aspect for achieving the targeted cost reductions was the requirement that drilling
efficiency not decrease in smaller hole sizes. If it was found to be reduced, additional days on site could

quickly offset any savings from smaller equipment and pipe.

Three slim-hole completion designs were

developed, two for producers and one for injectors. J L 16+ Conductor Cosing
Injectors were to be tubingless monobore wells with =
" . . gy s
4%-in. casing cemented in 64%-in. hole. i 3172 Tubing with
Simhole Gas Lift Manaral

Producers were designed with tapered ,
production casing. A 3%:-in. monobore completion 4 1Y ;-g;g: ’5:;’:'39 Caslng
results in a 52 by 3%-in. tapered design (Figure 4- B
4).

] . b a_ Seol Assembiy In
In some areas of the field, a long string is Sec! Bore Extension
. . , . . Cross Over to 3-1/2°

required for pressure isolation prior to penetrating Production Cosing

the target zone. For these cases (Figure 4-5), a 4%-
in. hole is drilled out of casing with coiled tubing or

. . El C Sand
a conventional rig.
ﬂ A sand
[ ]
5-1/7 x 3-1/2 Production Cosing
I 6-3/4" Hole
L
Figure 4-4. Slim Monoboro Completion (Pearson

et al., 1996)
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Figure 4-5, Slim Completion with Pressure
Isolation (Pearson et al., 1996)

Cost savings with these slim-hole completions were estimated at 8% of total cost for monobore
producers and 13% for injectors. Gains were analyzed after several slimmed completions had been run
in the field after implementing all areas for cost savings (Figure 4-6). The average cost for these wells was
26% below the base cost. Operations had proven that the drilling and casing programs were feasible and
that comparable drilling efficiencies could be achieved in reduced size holes.
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Average drilling times were 0.4 days longer than conventional offset wells (Figure 4-7). However,
further optimization was possible in hydraulics and downhole tools. Reaching and exceeding the cost
reduction goal for the project was anticipated by ARCO.
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Figure 4-7. Slim Well Rig Time (Pearson et al., 1996)

Other areas in which optimization was expected include improved design to combat erosion of the
974-in. bits, improved hydraulics for different motors and turbodrills, identifying more applications for
tubingless monobore producers, extending lateral departure limits for slim-hole assemblies, and careful
evaluation of other advanced technologies and concepts for the field (horizontal wells, multilaterals, open-
hole completions, underbalanced drilling etc.).

4.2 BP (SAVINGS WITH SMALLER COMPLETIONS)

BP (Downhole Talk Staff, 1995) reported time and cost savings breakdowns for operations at Wytch
Farm in the North Sea. They compared the 17'4-in. section in a Stage 3 ERD well to the 12%-in.
equivalent section in a horizontal producer. Section lengths were similar for these wells. The 12%-in. hole
was drilled and completed 40% faster than the 17'% in. and at a cost savings of 36%.

Time savings are compared in Table 4-1. The largest contribution (25%) to the time savings is the
faster ROP in the smaller hole.
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TABLE 4-1. Time Savings for 12%-in. Section (Downhole Talk Staff, 1995)

SECTION TIMINGS

Operation % Improvement Improvement as a %
of M4 over M5 of M5 trouble free time

M/U BHA 25% 3%

Tripping 56% 3%

Circulating 48% 4%

Drilling 4% 25%

Pulling BHA 15% 1%

Ream 100% 1%

Flow Check 33% 0%

Rig Up 40% 1%

Rig Down 100% 1%

Run Casing 23% 2%

Total Trouble Free 40% 40%

.. Cost savings for the smaller section were also substantial, amounting to 36% overall (Table 4-2).
The largest component of the cost savings was rig costs (11% less). Several other areas provided

significant cost reductions.

TABLE 4-2. Cost Savings for 12%-in. Section (Downhole Talk Staff, 1995)

: i SECTION COSTS

! Category %Improvement Improvement as a %

I of M4 over M% of M5 Total Cost
+‘asing 27% 6%

| Casing Accessories 100% 1%

| Rig 42% 11%
iits -51% -2%

I Mud 50% 6%

| Cement 69% 8%
Fuel, Power, Water 79% 2%
Directional 20% 2%
Geological 50% 0%
Environmental 19% 2%
Total 36% 36%

4.3 CHEVRON USA (SLIM-COMPLETION INJECTORS)

Chevron U.S.A. Inc. (Dennis et al., 1995) successfully used slim-completion technology in an
expansion of a steam-injection project at the Midway Sunset field in California. Slim injectors were used
to reduce capital investment. Three slim completions (6%-in. bit and 274-in. casing) could be drilled for
the cost of each conventional injector, i.e., about $40,000 for a slim well versus $120,000 for conventional.
Costs were reduced in rig costs, cementing, packers and tubulars. The additional injectors allowed with
the slim-hole development plan provided improved profile control and management of the steam flood.

Total production has increased since the flood was implemented.
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A conventional design for this steam-flood expansion would have consisted of ten injection wells
(seven dual-string completions) and three temperature/observation wells. The slim-hole option allowed
38 injectors and 10 temperature/observation wells for the same costs.

Cost advantages with the slim option were obvious. However, some technical issues needed to be
addressed before proceeding. Casing failure from thermal stress was considered and determined to be an
insignificant problem. Pilot slim wells showed no mechanical failures from thermal stresses.

Chevron considered whether heat losses would be excessive in the slim tubingless completions as
compared to the conventional design, which included production tubing. An analysis of heat losses
showed that, over time, additional losses in the slim completions were not significant (Figure 4-8).
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Figure 4-8. Heat Losses for Injector Options (Dennis et al., 1995)

Frictional pressure losses in the steam injectors were also compared. Modeling suggested that
pressure drops would be less than 30 psi at the highest anticipated steam injection rate. Variation in steam
quality was also analyzed with respect to pressure drop (Figure 4-9). These effects were also found to be
insignificant for the slim option.
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Figure 4-9. Steam Quality and Pressure Drop (Dennis et al., 1995)

o

A standard rotary rig was used to drill the slim-hole injectors. Average TD was about 1500 feet.
Drilling the hole and cementing casing were completed in 1% days. Conductor (8%-in. casing) was set
to 80 ft; the production string was 27&-in., 6.5-1b J-55 tubing with <10% wall loss.

The slim injectors were completed with only minimal problems. Casing was perforated with a 1''/,-
in. wireline gun and 0.33-in. holes. Some perforations had to be broken down using acid which was
spotted with coiled tubing or bullheaded.

The only operational problem with the slim completions was some sanding. Sanding occurred when
injection was halted due to facility disruptions. Sand was successfully foamed out using coiled tubing.

44 HALLIBURTON ENERGY SERVICES (SLIM-HOLE SSSV)

Halliburton Energy Services (Vinzant and Smith, 1995) described the design and development of
improved subsurface safety valves (SSSVs) for slim-hole applications. These assemblies have been

required to support the stringent requirements of slim-hole monobore completion designs.

A typical flapper valve (Figure 4-10) places relatively severe constraints on the flow-tube ID. In
most instances, the flapper closure design has been the limiting factor for determining the OD of tubing-

retrievable flapper valves.
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FLAPPER

ANNULAR FLAPPER
RECESS AREA
(OPEN POSITION)

FLAPPER

HOUSING 1D
FLOW
TUBE 1D
HOUSING OD FLOW
b TUBE OD

Figure 4-10. Conventional SSSV with Flat Flapper
(Vinzant and Smith, 1995)

Flapper-valve designs have become relatively popular (as compared to ball valves etc.) due to the
need to minimize costs through simpler designs, reliability issues, and recent innovations in flapper design
with better OD/ID ratios, especially with reference to curved flappers (Figure 4-11).

ANNULAR FLAPPER FLAPPER
RECESS AREA

FLOW TUBE D
HOUSING 1D

‘ HOUSING D H FLOW TUBE 0D

Figure 4-11. Curved Flapper Valve (Vinzant and Smith, 1995)

Halliburton Energy Services had sought to optimize the design of the flapper and its seat to
maximize OD/ID ratio, sealing ability, reliability, etc. The angle of the seat was varied from 45 to 90°

T (Figure 4-12).
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(Vinzant and Smith, 1995)

Modifications in 90° seat designs led to curved flapper technology. As an example of the benefits
of this approach, Halliburton stated that a reduction in OD of 1% in. was attained for the 7-in, tubing-
retrievable assembly. The sealing surface is formed along the curved intersection of two perpendicular
cylinders (Figure 4-13).

Figure 4-13. Curved Flapper
Seat (Vinzant and Smith, 1995)
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An additional improvement in flapper design is the use of metal-to-metal (i.e., sphere-to-sphere)
contact for the seal surface, rather than a resilient element. Tests of the final design (Figure 4-14) showed
that requirements for both low- and high-pressure sealing were met (200 to 15,000 psi).

ANNULAR RECESS A TN
AREA FOR THE P =
CNRF DESIGN

)
a
4o e

HOUSING

Figure 4-14. Contoured Nonresilient Flapper Valve
(Vinzant and Smith, 1995)

4.5 SHELL CANADA, BAKER AND IMPORT TOOL (THIN LINERS)

Shell Canada Limited, Baker Qil Tools and Import Tool Corporation Limited (Sutherland et al.,
1996) carefully analyzed and successfully employed a thin-walled liner for pressure isolation prior to
deepening a well in the Waterton field. Savings of $3-4 million per well are possible in deep re-entry
applications by avoiding the need to drill a new well from surface. Thin-walled, close-tolerance 5%z-in.
liner equipment was placed in 7-in. casing and allowed drilling a long and deviated 4%-in. hole with a
tapered drill string.

The Waterton 14 well was drilled in 1964 to a depth of over 12,000 ft (Figure 4-15). Completion
included perforated 7-in. casing and an open-hole zone. Recent production averaged over 4 MMscfd with
18% H,S. The objective of the modern re-entry was to seal off depleted bottom zones and drill to deeper

formations at virgin pressure.
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Figure 4-15. Liner Requirements for Deepening
(Sutherland et al., 1996)
The Waterton field is in a wilderness area with high environmental sensitivity. There were

significant environmental issues which strongly favored a re-entry over a new well.

The drilling plan called for deepening the well from 12,054 to 18,241 ft followed by logging and
some coring. Operations were designed to maintain the viability of the existing completion if the new

section were plugged back.

The cost for a new well was estimated as $8-10 million. Drilling, evaluation and completion of the
re-entry was estimated to cost $2.85 million, along with $1 million for well preparation and production

testing.

Shell determined that it was necessary to set a drilling liner at the current TD to avoid lost circulation
problems during drilling. A service rig would be used to snub in and cement the liner prior to rigging up

the drilling rig.

A 4%-in. hole was chosen because a 27 by 3'%-in. drill string was essential to achieve planned TD
of over 18,000 ft, logging tool operations would be restricted in a smaller hole (i.e., 3% in,), as well as

concerns with high pump pressures, stiff BHAs, and deviation control.
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Normally, a 4% or 5-in. liner would have been run in 7-in. casing. However, only a 5'-in liner

would allow the required hole to be drilled. Special liner equipment and running procedures were required

due to the very small clearances (Figure 4-16).

Liner hanger, packer, potished

Malin liner 1D:
55in.

bore receptacle OD:
6.0 in. /—\

0.03-in. radial clearance
0.28-in. clearance main liner
0.22-In. clearance (open hole)

7-in. casing inside
drift diameter:

6.059 in.

M||

Figure 4-16. Liner Clearances (Sutherland et al., 1996)

Shell determined that a single-stage cementing operation would have a low probability of success

because no liner packers could support a full column of hydrostatic pressure at that depth (Figure 4-17).

water

'

Fluid/
drilling mud/

—~

'
v

L

The approach adopted was to first cement the bottom of the liner, run a second stub liner with a

tieback seal assembly, and cement and sting it into the primary liner (Figure 4-18). With this approach,
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the seals only needed to be able to support the weight of the cement balanced plug used to cement the stub

)

liner.

L A new design mechanical-set liner hanger

(Figure 4-19) was used that allowed hanger setting
by rotation alone. This greatly increased the
probability of a successful set if the liner should
become stuck, i.e., upward motion is not required

to release the hanger.

Figure 4-18. Stub Liner Cement Loss
(Sutherland et al., 1996)

d

O

Figure 4-19, New Liner Hanger
(Sutherland et al., 1996)

The liner assembly was run successfully and served to isolate the current productive intervals (Figure
4-20). The Waterton 14 was then deepened to the target depth of 18,000 ft.
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The liner assembly was run successfully and served to isolate the current productive intervals (Figure
4-20). The Waterton 14 was then deepened to the target depth of 18,000 fi.

All design criteria were met with the special liners and assemblies. Burst capacity was attained
inside 7-in. casing while allowing a 4%-in. hole to be drilled. Shell 1s convinced that this well could not
have been deepened to this great depth if the hole had been restricted to 374 inches.

) L

Figure 4-20. Completed Liner Assembly
(Sutherland et al., 1996)

4.6 TEXACO (DUAL TUBINGLESS COMPLETIONS)

- = Texaco Exploration and Production (Holub, 1996) reported the results of using dual slim
coiﬁpléﬁons to reduce costs and increase safety in a high-pressure formation in an environmentally
sensitive area. The marginally feasible development in the mature North Milton Field included three
completions at 10,500 ft and two at 12,500 ft. Drill-site selection and environmental safety were critical
in the area (near Houston), Costs were cut by planning a tubingless approach, which required only three
wells be dnlled for the five completions.

One string of the dual completion was run to the deeper zone and another to the 10,500 ft zone
(Figure 4-21).
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Figure 4-21. Dual Tubingless
Completion Design (Holub, 1996)

The costs saved for the two dual-completion wells amounted to about 40% of that estimated to
drilled four wells for the four completions.
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5. Coring Systems

5.1 BAKER HUGHES INTEQ, NORSK HYDRO AND NOWSCO (EXPLORATION CONCEPT)

Baker Hughes INTEQ, Norsk Hydro and Nowsco UK (Ehret et al., 1995) described results of field
trials of elements and procedures which would be required as part of a fit-for-purpose slim-hole floating
vessel. The first step in this investigation was to determine whether high-quality cores and electric logs
could be obtained using shm-hole technology on a floating vessel, and to drill/core with coiled tubing from
a floating vessel. Cores were taken both with coiled tubing and with drill pipe. Although several problems
were encountered, the technological feasibility of this approach for exploration applications was
demonstrated.

An integrated slim-hole exploration system {including subsea BOPs, risers and small floating vessels)
showed significant promise as an economically attractive system for exploration in deep water and/or
remote locations. Rising costs in the

North Sea have led to serious
. ; . J].D.[l 5" elevator

consideration of altemate exploration 86 i —

. Top of lifting frame
paradlgms. LCJ d Winch

A test site was selected off 59 ft
Norway in over 400 ft of water, A
semisubmersible rig would be used Coiled ‘“b'“g
to drill to 5570 with drill pipe and set a8
7-in. casing. Coiled tubing and drill 381 Injector head
pipe would be used to drill and core 36 ft Side door stuffing box

. . Hydraulic quick latch
with 4%-in. BHAs. 341t
Work platform
.. . . Lifting sub

Additional equipment required 25 ft
for the offshore operation included 931 Pipe ram
an extra 5%-in. pipe ram between 211 Flow cross
the standard triple BOP and 4-in. ¥ib

. . . 2 ID 51/8" triple BOP
stuffing box. A dnll-string lifting 16 2"ID
frame (Figure 5-1) was also devised.
0 ft

Drill floor

This connects the rig heave-

compensation system to the injector.
The frame had to be extended for
planned operations.

7" Heavy weighl joint

Figure 5-1. Drill-Siring Lifting Frame for CT Operations
(Ehret et al., 1995)
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Subsea well control was accomplished with a standard 18%-in. 15,000-psi BOP. A 7-in. riser was
run inside the existing (21-in.) riser for coiled-tubing operations. The smaller riser would increase annular
velocities and decrease the tendency of buckling.

Coiled-tubing fatigue was a concern with respect to rig heave. Continuous small-scale pay-out and
reel-in of the tubing might dramatically shorten fatigue life. This potential was addressed by reducing the
operational pressure of the hydraulic motor on the tubing reel. This decreased tension on the reel and
introduced slack (about 9 ft) into the tubing wraps.

Two-inch coiled tubing was selected for the operation based on fatigue and pressure loss estimates.
Pressure-loss modeling was inconclusive based on the ether-based drilling fluid. A full-scale test was
performed for pumping fluid through the spool. Results suggested that the fluid should be maintained at
a temperature of about 50°C (122°F). A jetting assembly was added to the circulating system for pumping
and shearing the fluid to increase its temperature.

Pressure losses within the

coiled tubing dictated that ,§_

maximum  flow rates be E _| |eAm) \a o\ & _

maintained at about 80 gpm. :: g » % %

This was much less than the § : 3

185-gpm allowable flow rate 87 4 :e :

for the 3%-in. mud motor. The . 0 s i

motor ‘'was tested at a range of g1 w \

flow rates (Figure 5-2). Results \ Jes.

showed that the motor could ] R \ 1

deliver 1000 ft-lb at 80 gpm g v ! k by

and 1050 psi.  This was | \\\ § Eég

determined to be sufficient for 81 A :;\\‘ 1%

this operation. ] | T — T 1o
-5

A 3%-in. core barrel was  ° 0. | 100, = 200, | 300. | 400. 500, 500,
selected (delivers a 1%-in. Sesed . [RPU)
core). Aluminum was chosen Figure 5-2. Motor Performance Tests (Ehret et al., 1995)

for the inner tubes for its reduced friction and ease of handling on the rig floor. Three different core bits
were used, including ballaset and PDC bits.

The coiled-tubing coring BHA is shown in Figure 5-3. Drill pipe and drill collars were placed above
the BHA to add weight, reduce stress on the coiled tubing, and keep the disconnect sub inside casing.
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Figure 5-3. BHA for Coring on CT (Ehret et al., 1995)

After the 7-in. casing shoe was drilled out at 5525 ft, two coring runs were made on drill pipe to
establish an operational reference for coiled-tubing runs. Several coring runs were completed (Table 5-1).
Recovery was generally low due to junk, fissile shales, unconsolidated sands, core jamming, washing of
the core, and plugged nozzles. Recovery efficiency did not increase until the final runs, where the
improvement can be largely attributed to increasing hardness of the formations.

5-3 ©Maurer Engineering Inc.



TABLE 5-1. Coring Performance (Ehret et al., 1995)

Core DP/ From - To Recovery Avg Fiow WOB Pressure Comments
No cT 419] ROP {gpm) {Ibf) (psi)
(ft/hr)
1 DP 5545-5574 8.9% 5.2 80 110C-2200 1450-1550 | Junk found in barrel
2 DP 5574-5584 33% 8.9 80 1100-2200 1390-1670 Jammed off core, motor
stalling
3 cT 5584-5614 0.4% 16.4 58 7000-8000 | 2090-2450 | Found Steel junk on Top of
Core
4 CT 5643-5670 23% 20.2 60 3000-800C | 2750-2840 | Barrel jammed
5 CT 5670-5683 8% 15.6 60 4000 2800 Steel junk. Corehead
damaged
6 DP 5732-5747 75.5% 30.8 60 2000 1300-155C | Good run
7 DP 5747-8775 54% 45.4 66 1100 1390-1600 Washed down from csg shoe
8 DP 5775-5804 0% 14.8 87 900-2000 1410-1570 | 3 plugged nozzles
8 DP | 5804-5834 35% 19.7 66 0-2000 1420-1580 | Wash down assembly
10 Dp 5834-5863 44.4% 21 66 0-2000 1450-155C | Wash down assembly
1 DP 5863-5893 81.7% 29.5 66 0-2000 1277-1520 | Good run
12 DP 58983-5922 83.3% 15.5 66 0-2000 1277-1490 | Good run

Project members found that core quality was generally high even though recovery efficiency was low.
Lower flow rates (about 66 gpm) provided the best recoveries. The average coring rate was 15 ft/hr
compared to an average drilling rate of 40 ft/hr. Performance of the mud motor was better than expected.

_The project team believed that the effectiveness of the coiled-tubing operations would be greatly

improved by a built-for-purpose heave-compensation system.

5.2 FORASOL (FORASLIM RIG)

Forasol mtroduced a new slim-hole rotary rig for drlling and coring named Foraslim {Sagot and
Dupuis, 1997). Footprint of the drill site is only 26 by 32 m (85 by 105 fi) (Figure 2-3). Depth range is
t0 3500 m (11,500 ft) in ultrashim holes (3% in.) or 3000 m (9850 ft) in slim hole (4% in.). The rig has
been used successful in several campaigns including the Paris Basin and Gabon.
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Figure 5-4. Footprint for Foraslim Rig (Sagot and Dupuis, 1997)

Several important technical issues were addressed in the four-well Gabon project, where cost savings
of 33% were achieved. These included: 1) kick-detection and control are adequate, with two kicks taken
and readily controlled, 2) good results were achieved with wireline-retrievable cores through the drill
string, 3) performance of slim PDC bits was greatly improved, 4) a suite of 2%-in. logging tools has been
developed and provided high-quality logs, although highly sophisticated logs (e.g., bottomhole imaging)
are not available or foreseen in the slim versions, and 5) DSTs can be successfully completed in 4%-in.
holes.

5.3 FUGRO-Mc¢CLELLAND MARINE GEOSCIENCES (CORING SYSTEM)

Fugro-McClelland Marine Geosciences (Chatagnier and Head, 1995) described modified tool joints
to be used in slim-hole coring operations in U.S. Patent #5,425,428. Their invention addresses well-
control concerns when running in or retrieving core barrels through the drill string. Grooves or other fluid
passages are placed in the tool joints to allow fluid to bypass the core assembly.

Surge and swab pressures while tripping a core barrel can be a significant concern for formation
fracturing or well control in slim-hole operations with small clearances. This invention reduces these
pressures as the core barrel is tripped across a tool joint. In a conventional tool joint (Figure 5-1, left),
reduced cross section causes significant increases in hydraulic pressure as the core barrel passes. A
modified drill string with a larger tool-joint ID and a fluid passage across the tool joint is shown in Figure
5-5 (right).
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Joints for Slim-Hole Coring (Chatagnier and Head, 1995)

The inventors state that the special fluid passage across the tool joint can consist of a groove (no. 32
in the figure) or multiple grooves milled into the inner wall of the drill pipe. Another option mentioned is
a fluid port drilled or formed in the tool joint to allow fluid flow out of the pipe.

5.4 JOURNAL OF PETROLEUM ENGINEERING (PROSPECTS FOR SLIM HOLES)

A discussion of prospects within the oil field for slim-hole technology was presented in JPT (JPT
Staff, 1995). Comments from several proponents and players in the modem slim-hole coring market were
summarized. In general, the future for several companies’ purpose-built rigs and slim-hole projects (that
is, remote coring operations) was not bright, based on the current activity levels.

Several rig manufacturers have made offerings to the slim-hole coring market. Longyear Company
(out of Salt Lake City) closed its slim-hole division in 1995. The 100-year old company entered the slim-
hole market in 1984 and participated in several remote coring projects over the intervening years.
Longyear, which was involved early with Amoco and the SHADS development of the late 1980s, departed
from the slim-hole coring market due to 20% utilization rates for their three purpose-built rigs. Amoco’s
current emphasis is on the use of smaller oil-field rigs to address slim-hole issues.
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Nabors Drilling bought the SHADS rig, modified it into Rig 170 (Figure 5-6), and built a second
purpose-built rig for a remote campaign in Venezuela (see the next section). They drilled nine wells with
the rigs. Although there was significant interest in these rigs from most of the majors during the
Venezuelan campaign, no new contracts were forthcoming.

. oy

; i f.g}./ AT oW Tiag i 5 e
Figure 5-6. Nabors Slim-Hole Rig (/PT Staff, 1995)
Parker also offered a slim-hole rig based on a modified conventional rig with a slim-hole top-drive

assembly. Parker’s oil-field conng business has also been characterized as on-again, off-again, despite their
success in the field.

Reasons for slim-hole dnlling/coring technology not being embraced by the industry include the lack
of interest in many companies in extensive coring. Some project leaders believe that all necessary
information to appraise a well is available from electric logs.

Contingency limitations are high on the list of objections to slim holes. Slim-hole advocates counter
that the costs to support a contingency habit are too high. For example, if 5% of wells need to make use
of the contingency, and the slim-hole option is 30% cheaper than conventional, overall economics do not

support the use of this type of insurance.

Changing E&P strategies among the majors are also playing a role. Many have significantly
decreased the number of remote wildcats, adding more established acreage to their portfolios. The appeal
of deep-water plays near infrastructure has caused some to direct their exploration capital toward offshore
areas rather than to the jungle.
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An abundant supply of conventional land rigs at depressed day rates also hinders slim-hole usage.
Low-cost purpose-built slim (non-coring) rigs are being developed to address market issues. Among them
is the Kenting Dnlling Services Ltd. rig, which was built from standard components at a 20% savings over

conventional rigs.

5.5 MARAVEN, INTEVEP, CORPOVEN AND NABORS (VENEZUELAN EXPLORATION
PROJECT)

Maraven S.A. and Intevep S.A. (Cambar et al., 1995) and Nabors Drilling International Limited,
Maraven S.A. and Corpoven S.A. (Spoerker et al., 1995) described the planning, implementation,
problems encountered and successes enjoyed during a multiwell, multiyear slim-hole exploration project
in Venezuela. Two purpose-built slim-hole rigs were used to meet specific project requirements, which
included high environmental sensitivity, full helicopter transportability, zero discharge drilling, and drilling
depths;to 'greater than 13,000 ft. Over the project phase consisting of seven wells, overall times and costs
were close to estimates, 14,000 ft of core were recovered, almost all problems encountered were solved
through analysis and innovation, environmental restrictions were met, and overall costs were about 20%

less than conventional operations.

SLIM HOLE EXPLORATION PROJECT IN
WESTERN VENEZUELA

Lbng-tenn strategic goals of

Venezuela’s oil and gas industry DRILLING PLAN AND STRATIGRAPHIC COLUMN
were under review and refinement '

near the end of the 1980s. One “"JJ LL
significant project under w MoCENE
consideration was the use of slim- ’ e | rocene
hole - technology for remote I PALEGCENE
exploration using a customized rig s1z: oo
and continuous coring through the cRETACEOUS
prospective intervals at significant

e —

depths (Figure 5-7). A rig was .
v 11500

designed, constructed and put into _ - —
Figure 5-7. Typical Drilling Plan for Venezuelan Wells

operation in 1993, (Cambar et al,, 1995)

Early in the project, significant
problems were experienced with drill string failures. It was determined that standard (mining industry)
CHD core rod is not strong enough for the depths involved in this campaign. A new drill stning and BHA
system was developed. Mechanical properties of oil-field slim coring strings are compared in Table 5-2.
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TABLE 5-2. Comparison of Slim Drill Strings (Spoerker et al., 1995)

Weight Pipe Body Tool Joint Body Tensile  TJ Torsional Pressure Loss  Self Support

[Ibm/ft] 0D [in] 0D [in}) Yield [ft-1bf] Yield [ft-1bf] {psi’1000ft)** Length [ft]
AP!3.5"NC38 13.3 3,500 4,750 271,600 18100 230 20,400
AP| 2.875"/NC31 10.4 2,875 4125 214,300 11800 745 20,600
NSH3.7"* 95 3,250 3,725 334,600 18000 250 35,200
RSABK!™ 12,7 3,675 4,125 432,200 27500 150 34,000
CHO101/* 87 3,700 3,700 164,900 10300 100 19,000
DBS SH111/* 10,6 3,500 4125 306,000 31100 175 26,900
*special slimhole string connection. **calculated for 9 ppg mud, PV=10cP, YP= 10 Ibg/100ft%, q=100GPM

Despite significant difficulties, the first well was completed for production at a depth of near 10,000
ft,-and 2000 ft of borehole were cored with an 86% recovery.

| Maraven and the other participants redoubled their planning and organizational efforts as operations
began on the second well. This second effort produced a record drilling time of 63 days for the 11,000-ft
well. A world-record core bit run (971 ft of 4%4-in. hole cored in 164 hr) was also achieved.

The third and fourth wells saw the first application of PDC core heads. About half the 9000-ft depth
was cored (with various bits). Improvements continued to be made in operations and procedures. A
severe vibration problem was overcome by an extensive investigation into BHA design. A continuous drill-
string feed system was also developed to avoid sudden surges in WOB experienced at depth with standard
systems.

“The fifth well saw a rise in the learning curve (Figure 5-8) due to a variety of problems. This was
attributed to the team members adopting a basic routine that proved to be unsatisfactory for the new
location. TD was reached only after 120 days, and the well was abandoned at 9900 ft with a 60-ft fish in
the hole.

l:h
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SLIM HOLE EXPLORATION PROJECT IN
WESTERN VENEZUELA

DRILLING TIME / 1000 FT

MAXIMUM VALUE ESTIMATED

DAYS/MQQOFT

MINIMUM VALUE ESTIMATED

1 { I 1 I T i

4 5 5 r
WELLS

Figure 5-8. Drilling Time for Venezuelan Wildcats
(Cambar et al., 1995)

The sixth well was launched with renewed care in planning and communication of team members.
This effort was much more successful. An unsuccessful fishing effort at 7000 ft was overcome by a

sidetrack. - Core recovery efficiency suffered in this well (Figure 5-9), although was considered sufficient
for the purposes of this well.

SLIM HOLE EXPLORATION PROJECT IN
m WESTERN VENEZUELA

CORE_RECOVERING EFICIENCY

98
100 1 86.7 ]

1.993:89.5%

RECOVERY

1.994:77.7 %

1 2 3 4 5 6 7
WELLS

Figure 5-9. Core Recovery for Venezuelan Wildcats (Cambar et al., 1995)

Costs per 1000 ft are compared in Figure 5-10. The project team estimated that slim-hole savings
were about 20 to 30% as compared to conventional equipment.
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’ SLIM HOLE EXPLORATION PROJECT IN
WESTERN VENEZUELA

TOTAL COST /1000 FT

500
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100

0 1 2 3 4 5 6 7
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Figure 5-10. Cost/1000 ft for Venezuelan Wildcats (Cambar et al., 1995)

* Avanety of problems were addressed during the project. When differential sticking occurred, the
string normally unstuck after lubricants were spotted and soaked for 20-36 hours.

The participants found that fishing in a slim wellbore was less problematic than commonly feared.
Several fishing mcidents (including parted drill collars) were resolved using spear or taper tap tools to grab
the inside of the fish.

Th_e combination of standard rotary drilling for surface and intermediate hole, and continuous high-
speed coring for the target interval proved to be a viable drilling concept. They found that purpose-built
slim-hole drilting rigs can out-perform conventional equipment when the entire project cost is considered.

5.6 MOBIL E&P (SLIM-HOLE OFFSHORE DRILLING SYSTEMS)

Mobil Exploration and Producing (Shanks, 1995) considered the design of slim-hole drilling and
coring systems for offshore applications. They suggest that technologies exist or can be developed for
harsh environments (deep wells, HTHP wells and difficult geologies). Slim-hole technology can save
money offshore, but its strengths and weaknesses must be recognized. Offshore costs for floating
operations are dominated by vessel day rates. Intangibles account for 80-85% of total costs. The most
practical approach to reducing costs is therefore to reduce drilling time. Additional cost reductions can
be achieved by reducing casing size for all strings.

Mining industry coring technology was first applied offshore in the coring vessel Bucentaur. No
active motion compensation is used to control WOB. The Ocean Drilling Program vessel, SEDCO/BP 471
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is another pioneer in this area. Special techniques and equipment have been developed and cores have

been taken in waters as deep as 5900 ft.

The most critical technology for adapting mining systems for offshore operations is the need to
provide adequate heave compensation from floating vessels. One of the most critical aspects of slim-hole
coring operations is the need to maintain consistent WOB. Motion compensators on most offshore rigs
are not sufficiently precise. Typical operating ranges are within 3000 to 6000 1b at a WOB of 40,000 Ib.
Slim-hole requirements may be close to 2000 1b WOB with a precision of 500 1b. Development of
effective heave-compensation systems for slim holes has met with some success and continues at present.

Mobil’s approach to slim-hole heave compensation is the use of a support device on the seafloor to
remove fluctuations from the drill string (Figure 5-11). These components are controlled from the surface.
The string is rotated from the surface, or alternatively, downhole motors are used.

~+— Riser

Remote slips
Thrust bearing

~— Hydraulic feed cylinder

Drill pipe

«+— Subsea BOP

Figure 5-11. Seafloor Drilling Assembly
(Shanks, 1995)

Remotely actuated slips anchor the drill pipe at the seafloor assembly. With this system, only the
drilled depth affects string tension.

Mobil, as part of continuing exploration into deeper waters, considered the cost to develop a rig
capable of conventional operations in 10,000 ft water depths. A new semisubmersible with dynamic
positioning would cost more than $250 million. An upgrade of an existing vessel might cost about $100
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— million. Rig costs may be reduced significantly using slim-hole designs. Standard components may be
used along with the seafloor compensator (Figure 5-12). Given the greatly reduced weight of the niser etc.,
existing drilling vessels may be used with relatively minor modifications.

135/4-in. wellhead
10-in. bare

2G4n, casing

103/-in. casing
14Y-in hole
8%-in. casing
9Vrin. hole

Slip joint

10%.-in. riser
5%-in. casing

7V-in. hole
Motion/WOB compensator . . '
5-in. casing
9%/:in. BOP stack SVrin. hale
Contingency
4V-in. hole hole diameter 3-in.

Wellhead and guidebase

Completion 31/ to 5-in. liner

Figure 5-12. Slim-Hole Deep-Water System (Shanks, 1995)

Well-control considerations would be important challenges in these offshore applications. Kick
detection is normally complicated with floating vessels because rig heave causes variations in the retumn
flow. In slim holes with tight annular clearances, special methods would be required for accurate

I measurement of differential flow (Figure 5-13).
Flow line
Baltjoint To choke/kill manifold
|
Flow manifold
Active tank
S Pump
lip joint ~_
Select valve
Holding tank
3 Flexible line
Seal —»
Liner -_.l( v
Annular returns
|

T Figure 5-13. Offshore Differential Flow Measurements (Shanks, 1995)
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New techniques may also be required for circulating out a kick. It may not be practical to use
standard choke and kill lines because of substantial weight relative to the riser. Other options exist
including composite choke and kill lines, reverse circulation up the drill pipe, a seafloor choke system, or

very low pump rates through slim choke and kill lines.

5.7 SHELL ROMANIA, FORASOL AND SECURITY DBS (ROMANIAN PROJECT)

Shell Romania BV, Forasol Romania, Forasol Foramer and Security DBS (Groenevelt et al., 1997)
summarized the operations of a three-well slim-hole project in Transylvania, Romania. The Foraslim 1 rig,
designed for depths to 3500 m (11,500 ft), was used both for destructive drilling and wireline-retrievable
continuous coring. The new rig 1s designed for remote onshore operations for low environmental impact,
high drilling efficiency, high safety at the wellsite, and complete geologic evaluation.

... The camp site was 2000 m* and the rig site 2500 m®. These areas did not represent the minimum

site sizes for operation with the Foraslim-1. Winterizing the operation required an increase in space.

Four primary service contracts were managed by the lead contractor Forasol. These included 1)
cementing and pumping services, 2) mud engineering, 3) borehole surveying and directional drilling, and
4) mud logging with kick detection.

-The critical 4%-in. section was to be drilled with Days from Spud
a wide choice of bits designs including tricone, PDC, 20 40 60 80
TSP and natural diamond. Field results showed that { — - !

performance of newly designed slim bits with low WOB v - - - Budget === Actual

was as good as conventional. Optimization of bit design

con_tirfﬁed throughout the three-well campaign.

Time and depth curves are shown for the three .
wells in Figures 5-14, 5-15 and 5-16. '

Ve apapais

Figure 5-14. Drilling Time for First Well
(Groenevelt et al., 1997)
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Figure 5-15. Drilling Time for Second Well (Groenevelt et al., 1997)
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Figure 5-16. Drilling Time for Third Well (Groenevelt et al., 1997)
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The 4-in. liners were not required since the slim hole sections were stable.

Several 2-in. cores were taken in the 4%-in. section. A new design of wireline core barrel was
developed by Security DBS. A hydraulic hold-down was used to connect the inner tube to the outer tube
instead of latches. The operator concluded that coring operations were very effective. Success is

summarized in Table 5-3.

TABLE 5-3. Core Recovery (Groenevelt et al,, 1997)

“Well | Core Length | Recovery | 9-m Core Cut ' | 9:m Core Recover -
o Noo o dmy o o %Y ) st s 0 b)) o T
’ a3 93 2.3 4.2
2 167 88 5 2.5
3 24 96 6.6 3

- Project participants found that conng ROP was similar to that for drilling. Consequently, economics
for coring were similar to those for drilling.

_ A complete range of logging tools were run in the 4%-in. sections. Several tools were available for
running in‘the 3%-in. contingency hole (Table 5-4), had that become necessary.

Table 5-4. 3%-in. Logging Tools (Groenevelt et al., 1997)

Tool Description Maximum O.D. |
{inches])
Dual Focused Resistivity L 2%
Induction T 2%
Array Sonic 2%
Natural gamma ray L 2%
Compensated Density ‘ 2%
Borehole Compensated Neutron 2%
Borehole Compensated Sonic 2%
High resolution dipmeter 2%
3-D seismic acquisition 2
Cable head tension 2%
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The quality of the logs was very high. All hole sections were in good condition. Cuttings quality was
also good with both tricone and diamond bits.

Overall savings for the project were estimated as 20% less than conventional. Cost increases were
recorded for wireline logging and well testing, primarily due to the need for nonstandard equipment for
these operations. Total cost savings amounted to $1.2 million for the campaign.

The operators concluded that these wells were drilled almost problem free and within time and cost
budgets. They cautioned that problem time for contingencies would probably be greater than in larger
holes (should problems occur in a similar operation). Junk in the hole was found to be a more critical
concemn in the slim holes.

Side-wall core samples in 4%-in. hole were generally of poor quality and highly fractured. Reservoir
characteristics were hard to discern from the samples. Basic lithology could be interpreted, however.

They also concluded that among the best applications for slim holes are development drilling projects
of multiple wells where the drilling plan is relatively optimized so that the potential for drilling problems
is minimized, where marginal cost savings per well will amount to a significant amount for the entire

program, and where a reduction in environmental impact is desirable.
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6. Drilling Cost and Time

6.1 ARCO ALASKA (KUPARUK SLIM-HOLE PROGRAM)

ARCO Alaska (Pearson et al., 1996) achieved significant cost reductions by combining slim-hole
drilling and completion technology with increased efficiency in planning and procurement of consumables.
A goal was set for the Kuparuk River Field (Figure 6-1) for reducing well costs by 30%. Slimmed injectors
and monobore producers were designed for the field. Early results with the revised operations and efficient
procurement showed that the potential exists for exceeding 30% as the equipment and procedures are fine-

tuned and optimized.

Beaufort Ses

N
2

Figure 6-1. Kuparuk River Field (Pearson et al., 1996)

Historic costs in the field are compared in Figure 6-2. Expected costs for future wells were
determined to be too high because most of the 436 additional wells anticipated would be infill wells.
Because significantly lower reserves were associated with each well, costs needed to be reduced to

maintain economic viability.
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A goal of 30% cost reduction
724 e 1692 was set for future wells (ie.,
starting in 1994). No single area
was foreseen as having the
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potential to achieve the entire
reduction. Small-scale reductions
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~

were implemented in several areas.
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These included: 1) long-term
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o
4

g 8 8§ %

DAILL AND COMPLETE COST {CURRENT M$)
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suppliers (7%  savings), 2)
optimized well drilling plan, which
eliminated cement isolation of

Figure 6-2. Drilling Costs at Kuparuk River (Pearson et al,, 1996)

uppet annulus, eliminated SSSVs, reduced gyro runs and open- and cased-hole logs (4% savings), 3)
;gduced*‘number of selective completions (2% savings) and 4) reducing reservoir pressure around an infill
'Well prior 1o initiating drilling operations (4% savings).

: ;Béyofhd these steps (17% cost reduction), slim-hole drilling was the remaining potential technology.
ARCO determmed that 3%-in. production tubing was required for the expected flow rates. The downsized
casmg ‘proéram included a 97&-in. surface hole and 6%-in. production hole.

+= -Cost savings with three slim-hole completions were estimated at 8% of total cost for monobore
producers and 13% for injectors. Gains were analyzed after several slimmed completions had been run
in‘fhe field (Figure 6-3). The average cost for these wells was 26% below the base cost. Operations had
préve__n:thgt??the drilling and casing programs were feasible and that comparable drilling efficiencies could
be achiéved in reduced size holes.
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Figure 6-3. Slim Well Costs (Pearson et al., 1996)
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Average drilling times were 0.4 days longer than conventional offset wells (Figure 6-4). Further
optimization was possible in hydraulics and downhole tools. ARCO anticipated that the cost reduction
goal for the project could be reached and exceeded.
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Figure 6-4. Slim Well Rig Time (Pearson et al., 1996)

. "Other areas in which optimization was expected include improved design to combat erosion of the
9%:in. bits, improved hydraulics for different motors and turbodrills, identifying more applications for
tubmgless monobore producers, extending lateral departure limits for slim-hole assemblies, and careful
evaluation’of other advanced technologies and concepts for the field (horizontal wells, multilaterals, open-
hole commpletions, underbalanced drilling etc.).

B Additioual details are presented in Completions.

6 2 BAKER HUGHES INTEQ, DEUTAG AND BPB WIRELINE (DRILLING PACKAGE)

" Baker Hughes INTEQ, Deutag and BPB Wireline Services (McNicoll et al,, 1995) described the
planning, equipment and field operations for drilling a slim-hole exploration well in Madagascar. The hole
size was 4% in. at TD. A small modified workover hoist was used. An overall cost savings of 40% was
realized compared to a nearby offset conventional well (6% in. at TD). A 45% reduction in cuttings
volume and 40% less mud decreased the environmental impact of the project.

Shell Madagascar had previously drilled an exploratory well in the area, and wanted to achieve cost
savings on the second project. Shell’s slim-hole system developments were used, most significantly the
motor/thruster assembly and PDC bits. The KDS kick-detection system was used, which compares actual
returns to model predictions of the circulating system operating in real time.

The slim-hole design included 9%-in. conductor and a 4%-in. final hole (Figure 6-5). Drilling was
completed in 36 days to a TD of 2223 m (7293 ft); abandonment was completed in three days. The
conventional offset required 53 days for drilling and 11 days for abandonment. TD was slightly greater
than the slim hole: 2508 m (8228 f1).
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Figure 6-5. Conventional/Slim-Hole Casing Program
(McNicoll et al., 1995)

Drilling mud was a shear-thinning low-solids KCI polymer. Mud weight ranged up to 1.12 SG.
Calculated ECD in the final hole size was as great as 1.3 SG (10.8 ppg).

After dniling was completed, five logging runs were made to TD without incident. The well was
then plugged and abandoned. Logs included Laterolog, multichannel compensated sonic, dual-
density/gamma-ray/caliper, dual neutron, and seismic reference sonde.

The project schedule is summarized in Figure 6-6.
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Figure 6-6. Slim-Hole Project Schedule (McNicoll et al., 1995)
Cost savings were substantial. The offset conventional well was drilled to a greater depth. Its costs
were normalized to the same depth as the slim hole for a more valid comparison. Total costs were reduced
about 40% (Table 6-1).

TABLE 6-1. Conventional versus Slim-Hole Costs (McNicoll et al., 1995)
Manandaza 1 Manandaza %
Conventional South Savings
{Normalized) Slimhole

Hole Size at TD 6% 41"

Depth 2,200 m 2,200 m

Days on Weli 38 38

Meters per Day 58 58

Costs {$Million}

Ex Mob/Civil 2.97 1.75 41
Ex Mob 6.83 2.68 61
Total Well Costs 11.4 7.0 39
Unit Costs

Depth Dependent $/Meter 376 g8 77
Time Dependent $000/day 46.7 39.7 15
One-off Costs $ Million 8.8 5.3 40
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The project team concluded that light workover rigs can be successfully used for slim-hole drilling.
ROPs can also be maintained comparable to conventional operations. Technology to limit drill-string
vibration can provide a smooth and stable borehole.

Additional details describing this drilling operation are presented in Motor Systems.

6.3 BAKER HUGHES INTEQ AND NAM (DOWNHOLE THRUSTERS)

Baker Hughes INTEQ and Nederlandse Aardolie Mij. B.V. (Reich et al., 1995) described the design,
usage and performance of downhole thrusters for motor drilling operations. These elements decouple the
lower section of the BHA from the drill string and provide a constant, controllable WOB for smoother,
more predictable drilling. Thrusters have been run on more than 120 jobs, increasing ROPs, bit life, and
steerability. They have been employed in hole sizes ranging from 374 to 12% inches on fixed and floating

ﬂgs- ik

o V'ibration in the drill string can reduce ROP, cause twist-offs, lead to early failure of motors and
MWDs and reduce borehole stability and tool-joint life. These problems can be especially significant in
slim holes due to the weaker drill string. In directional drilling, longitudinal vibration can make it difficult
to maintain'WOB. In many cases, slower drilling tricone bits are preferred because they are less sensitive
to changes.m WOB.

o Baker Hughes INTEQ developed a thruster to address these problems. Early trials with the thruster
proved that system optimization was not easily achieved. Theory was developed and incorporated into
dBSIg[l soﬁware for use with this system.

The thruster has been run in several wells in Canada for 4%-in. horizontal sections. Based on data
from 50 bit runs (about 40% of which included a thruster), ROP was increased by 12% with a thruster.

The standard thruster
design with spear is shown in
Figure 6-7. It was found that the
WOB adjustment range is
relatively limited within a single §
design. Additional designs were

developed to increase/decrease
potential WOB.  Additional Cylinder Sealing  Piston
details are presented in Motor -

P Faingu =pX As
Systems.

Figure 6-7. Standard Thruster Design (Reich et al., 1995)
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— 6.4 BP (SAVINGS WITH SMALLER HOLES)

BP (Downhole Talk Staff, 1995) reported time and cost savings breakdowns for operations at Wytch
Farm in the North Sea. They compared the 17Y%-in. section of a Stage 3 ERD well to the equivalent 12V-
in. section in a horizontal producer. Section lengths were similar for these wells. The 12V-in. hole was

drilled and completed 40% faster and at a cost savings of 36%.

Time savings are compared in Table 6-2. The largest contribution (25%) to the time savings is the

faster ROP in the smaller hole,

TABLE 6-2. Time Savings for 12Y-in. Section (Downhole Talk Staff, 1995

Operations %Improvement of M4 | Improvement as a % of M5
over M5 trouble free time

M/U BHA 25% 3%

Tripping 56% 3%

Circulating 48% 4%

Drilling 44% 25%

Pulling BHA 15% 1%

r‘-'* L Ream 100% 1% B
T Flow Check 33% 0% |
Rig Up 40% 1%

Rig Down 100% 1%
Run Casing 23% 2%
Total Trouble Free 40% 40%

Cost savings for the smaller section were also substantial, amounting to 36% overall (Table 6-3).
The largest component of the cost savings was rig costs (11% less). Several other areas provided

significant cost reductions.

6-1
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TABLE 6-3. Cost Savings for 12V-in. Section (Downhole Talk Staff, 1995)

Category %Improvement | Improvement as a %
of M4 over M% of M5 Total Cost
Casing 27% 6%
‘ Casing Accessories 100% 1%
Rig 42% 1%
Bits -B1% -2%
Mud 50% 6%
_Eement 69% 8%
Fuel, Power, Water 79% 2%
Directional 20% 2%
Geological 50% 0%
Environmental 19% 2%
TOTAL 36% 36%

6.5 " BP ALASKA (HORIZONTAL SIDETRACK)

" 'BP’Alaska reported (Downhole Talk Staff, 1995) successful operations drilling a 4%-in. sidetrack
(P-128) at Prudhoe Bay. Almost 1000 ft of 4%-in. hole were drilled before TD was declared due to
éed‘iogic_gc@nstrajnts. A 3%-in. mud motor was used. Operations were very similar to those used for 6-
or 6 m. laterals. The hole was completed with a 3%-in. slotted liner.

BP Alaska reported that instantaneous ROPs were greater than those observed in larger holes, In
one interval, ROPs of 250 ft/hr were observed, as compared to 100 to 120 fi/hr in a 6-in. hole.

6.6 CHEVRON USA (SLIM-COMPLETION INJECTORS)

Chevron U.S.A. Inc. (Dennis et al., 1995) successfully used slim-completion technology in an
expansion of a steam-mjection project at the Midway Sunset field in California. Slim injectors were used
to reduce capital investment. Three slim completions (6%-in. bit and 274-in. casing) could be drilled for
the cost of each conventional injector, i.e,, about $40,000 for each slim hole versus $1203,000 per
conventional well. Costs were reduced in rig costs, cementing, packers and tubulars. The additional
injectors allowed under the slim-hole development plan provided improved profile control and
management of the steam flood. Production has increased since the flood was implemented.
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A conventional design for the steam-flood expansion would have consisted of ten injection wells
(seven with dual-string completions) and three temperature/observation wells. The slim-hole option
allowed thirty-eight injectors and ten temperature/observation wells for the same costs.

A standard rotary rig was used to drill the slim-hole injectors. Average TD was about 1500 feet.
Drilling and cementing casing were completed in 1% days. Conductor (8%6-in. casing) was set to 80 ft;
the production string was 2%-in., 6.5-1b J-55 tubing with 10% wall loss.

Additional information is presented in Completions.

6.7 FORASOL AND ELF AQUITAINE PRODUCTION

Forasol and EIf Aquitaine Production (Dupuis and Sagot, 1995) described an approach to further
reduce drilling costs with the purpose-built slim-hole rig Foraslim. By integrating various services into
the Tig design, service costs can be saved by making use of integrated equipment and the drilling crew.

2 »';Tl.ié -f)rincipal components of drilling costs are shown in Figure 6-8. Services and operator costs are
not highly impacted by slim-hole versus conventional technology.

Services —
| Drilting
4]
38 % |+ Consumables
= = 5 52 %

Operator
10 %

Figure 6-8. Typical Distribution of Drilling Costs
(Dupuis and Sagot, 1995)

Primary cost savings in drilling and consumables are achieved through reductions in site size,
mobilization costs, civil engineering, and consumables (Table 6-4), Field experience has shown that
drilling times are similar for slim and conventional holes.
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TABLE 6-4. Volume Reductions in Slim Holes (Dupuis and Sagot, 1995)

Conventional Well Slim Hole Well
Hole Drilled Hole Drilled

Diameter Volume Diameter Volume
Drilling phase © 17%"* 233 m3 97%" 74 m3
to 15800 m
Drilling phase 12%" 68 m3 63%" 21 m3
1500 to 2400 m
Drilling phase 3%’ 22 m3 4% 7 m3
2400 to 3000 m
Drilling phase 6" 9 m3 3%" 3 m3
3000 to 35600 m
TOTAL | 332m3 | 10B m3

F orasol and EIf considered how to reduce costs for services. The approach they adopted is to
mtegrate several items into the slim rig design not normally present. Services that could be affected by
,mtggr_auonggmcluded instrumentation, cementing, mud management and waste treatment.

" Advanced sensors were included in the rig for the driller, tool pusher, company man and mud logger.

The dnllmg contractor becomes responsible for data acquisition, and duplication of instrumentation 1s
av01ded A special mud logging unit was built and placed next to the company man office.

As a result of the greatly reduced volumes of cement required for slim-hole operations, cement slurry
is. prepared in two batch tanks and pumped by the rig pumps. Cost savings are accrued since a dedicated
cementing unit is not needed.

Slim-hole operations produce a greatly reduced volume of cuttings and mud. Mud management was
made more efficient by minimizing waste volumes using an efficient shale shaker and two high-speed
centrifuges. Only high-concentration solids and clear water are disposed.

These newly integrated services impact the day rate of the ng and amount to about 10% of the total
rig cost. In addition, another crew member is needed to act as fluid engineer. Overall cost reductions with
this integrated approach are substantial (Figure 6-9). Further improvements in procedures and productivity
are expected.
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Figure 6-9. Cost Savings with Slim-Hole Integrated Services
(Dupuis and Sagot, 1995)

6.3 HOLDITCH & ASSOCIATES (SLIM-COMPLETION ECONOMICS)

7 Hdlditch & Associates (Robinson and Syfan, 1995) performed a study sponsored by the Gas
Research Institute of the economics of slim completions in the Wilcox formation in South Texas.
Nonj'miélized costs are reduced by 10-15% (about $170,000 per well) by using slim tubulars to complete
the well. :Average reserves per slim well were less than those for conventional completions; however, this
observatlon was attributed to the operators’ tendency to use the slim option when thinner pay was expected
or encountered.

The study was based on 23 slim and 21 conventional completions (Figure 6-10) in Webb and Zapata
counties (Texas).
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Figure 6-10. Slim-Completion Study Wells (Robinson and Syfan, 1995)

f-AVerage costs for drilling, completion and operation of the slim and conventional completions are

compared in Table 6-5.

TABLE 6-5, Wilcox Slim Completion Costs (Robinson and Syfan, 1995)

Casing Size (inches)
Drilling Cost ($M)
Completion Cost ($M)
Workover Cost ($M)
Operating Expenses ($M)
Total Difference ($M)

Conventional

Slimhole Difference
2% - 3% -
4N 14
385 1§57
2 (2)
1.6/ma 0
169

A reserves analysis indicated that the average slim-hole reserves (0.93 Bcf) were less than that for

an average conventional well (1.35 Bcf). The primary reason for this difference was not wellbore

geometry, but rather, a variation in average pay thickness (28 versus 45 ft). To provide a more accurate

basis for comparison, reserves were normalized. For identical reserves, a slim completion significantly

improves rate of return and pay-out time (Table 6-6).
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TABLE 6-6. Slim-Hole Economics (Robinson and Syfan, 1995)

Conventional Slimhole

Reserves (MMSCF}* 1,148 1,148
Net Revenue ($M)* 1,672 1,672
Cost + Operating Expense {$M) 1,176 » 1,007
Net Profit ($M) 396 565
10% Discounted Profit {$M} 205 372
Pavyout (years} 2.3 1.6
ROR (%) 24 40
*Figures are identical due to normalization to equal drainage volumes.

Surveyed operators reported that general operating expenses for slim-hole and conventional wells
are essentlal]y equal. Recompletion costs for slhim wells are less (about $30,000) because operations can
be performed without a workover rig. Typical workover costs are higher for the slim wells, however.

* “Hydraulic fracture treatments are slightly smaller for the population of slim completions. However,
data analysis showed that treatment size was a function of operator preference, rather than limitations
imposed by tubing size.

+ Slim completions are no longer considered novel in the area, with most operators considering the

appllcauon routine. No special problems are associated with these wells.

6 9 'GUPCO AND AMOCO EGYPT (SLIM-HOLE MARGINAL FIELD DEVELOPMENT)

Gulf of Suez Petroleum Company and Amoco Egypt Oil Company (Hassan et al., 1995) successfully
applied a slim casing program to drill and complete wells in a marginal field not economically exploitable
with conventional designs. Overall drilling costs for the first three wells were reduced about 20%.
Drilling risks, while increased shghtly under the slim-hole option, are considered manageable. Slimmer
casing was one of several innovations applied to this project. Slots were added to an existing platform
rather than setting a new platform. Gas-lift requirements were supplemented by onshore compression
through existing pipelines.

GUPCO considered the applications of slimmer (reduced) casing in the October Nezzazat Field. A
conventional completion included 7-in. casing across the productive interval (Figure 6-11). A build-and-
hold directional plan is used for an average total cost of $3.2 million.
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Figure 6-11, GUPCO Conventional and Slim Wells (Hassan et al., 1995)

The slim completion reduced each casing string by one size. This modification was easy to
implement with commonly stocked equipment and tangibles. One slim well (Figure 6-12) was completed

to 12,200 ft TD for a cost of $2.3 million.

Ocrobin Ruld
A10 will

Wialbous Diagaam (%8
24" CONDUCTOR
7* LINER TOP SHOE @ 488 ORKE
@ 4095 ORKB
-8/8" 53,511
ca4a. BHOR
D 450" ORKB
i £ O.H. LINER
: TOP @ 8840~ ORKE

‘ 7 O.H.LINER
} SHOR @ w331 ORKE

& O.H.UNER
‘ SHOR @ 12195° ORKB

Figure 6-12. Slim-Hole Completion (Hassan et al.,—l 9_95). -
Most cost savings can be attributed to lower casing costs. However, some time and money was

saved by increased penetration rates in the slimmer hole. Overall drilling rates are compared in Figure 6-

13.
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Figure 6-13. ROP Comparison (Hassan et al., 1995)

Cuttings disposal was another important concem. Costs were reduced in the slim wells due
primarily to reduced cuttings volumes (Figure 6-14). GUPCO also noted that hole cleaning was generally
! the slim holes.

OICon. ol
M Slim Hole

1600
1400
1200
1000

cu.ft/ 800
1000’ hole goo

400
200

Sur. Hole Iat. Hole Prod. Hole

Figure 6-14. Savings in Cuttings Volume (Hassan et al., 1995)

The disadvantages of the slim option were also described. They include mechanical risk with
weaker drill strings, loss of casing contingencies, limits to sidetracking options, and smaller completion
across the productive interval. GUPCO stated that the fishability of completion equipment inside the S-in,

liner was limited.

Another innovation that made development of this marginal field economic was the creation of
additional slots in existing platforms. One platform, originally designed for nine slots, can be expanded
to fourteen (Figure 6-15). New slots can be installed in a few weeks for about $200,000 each. This
approach is much cheaper than construction of a new platform.
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Figure 6-15. Additional Slots for Siim Wells (Hassan et al., 1995)

6 10 HUGHES CHRISTENSEN AND AMOCO CORP (SLIM COATED TSP BIT)

Hughes Christensen and Amoco Corporation (Felderhoff et al., 1995) collaborated in the
deve_lopment of an improved TSP bit for drilling a 4%-in. section in the Prentice Field in West Texas. The
best design drilled 28% faster and lasted 4 times longer than bits used previously. Total costs were
reduced 19% per well with the improved slim bit.

The use of fixed-cutier bits in this area has only begun relatively recently. Improvements in
diamond-bit design have resulted in the use of these bits in drilling environments once reserved for roller-
cone bits. Tests had shown that TSP bits provide the lowest cost per foot in this West Texas area.

Amoco decided to optimize bit design further with a controlled experimental program. Parameters
for the testing program are summarized in Table 6-7.
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TABLE 6-7. Drilling Equipment for Slim TSP TestgFeldgrhoff et al,, 1995)
: ‘Test Equipment & Fluid Data - B 5

Rig: Workaver
Pump: Triplex
Flow Rate: 160 gpm
Standpipe Pressure: 1,700 - 2,200 psi
Hydrautic HP/in*: 1.69 HHP/in?
Total Flow Area: 0.25 in?
Later changed ta 18/32 = .2485%
Weight an Bit: 6000 - 12,000 pounds
Bit Speed: 600 (MACH II) - 900 (MACH |11

combined motor and pawer swivel

Circulating Fluid: Freshwater (8.4 ppg. 28 vis)
changed out at midpoint of interval
to reduce solids)

The use of coated TSP cutters was found to increase the average drilled feet per bit by 985 feet.
Overall dnlling costs were reduced $2.61/ft ($23,422 per well).

- Additional information on this optimization project is presented in Bits.

6.11 HUSKY OIL OPERATIONS AND INTEQ (RE-ENTRIES AT RAINBOW LAKE)

-Husky Oil Operations and Baker Hughes INTEQ (Hollies and Szutiak, 1997) reported the successful
application of slim-hole drilling techniques to revive several declining pools in the Rainbow Lake Field.
Drilling problems for these re-entries, which include an overlying gas cap, sour uphole zones in the build
section, and lost circulatino and differential sticking in the horizontal section. In the slim-hole approach
(Figure 6-16), intermediate liner (4'4 1n.) is now being run into the curve. The lateral is then drilled with
a reliable 37%&-in. slim-hole system. Husky has found that completions in these wells are no more
expensive than the conventional single-size version, and that production rates are similar for conventional

and slim-hole. Overall costs with the slim-hole dual-size section are 10-15% less than conventional.
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Figure 6-16. Typical Slim-Hole Re-entry at Rainbow Lake (Hollies and Szutiak, 1997)

“Productive time and costs were compared for new horizontal wells, conventional re-entries, and the
slim-hole dual hole. Slim hole re-entries were the most efficient in time and cost (Figure 6-17).
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Figure 6-17. Time and Cost for Rainbow Lake Wells (Hollies and Szutiak, 1997)

The learning curve with the slim-hole completion showed a dramatic reduction in costs with time
(Figure 6-18). In addition, the length of the lateral has increased significantly.
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Figure 6-18. Slim-Hole System Performance (Hollies and Szutiak, 1997)

- Well cost per meter of horizontal hole has improved $203/m, a 28% improvement as compared to
a new grassroots horizontal well (Figure 6-19). Slim-hole performance has also been consistent as the
techniques have been improved. The slim-hole re-entries can be completed on an average of 17 days.

Date Wall Name Days Hztl Section Drilling Cost Completion Cost  Total Cost
(m) (8.000) ($.000) {$.000)
1) 156mm Grassroots Horizontal
Jan-94  10-18-109-7W§6 29 §97 1292 -] 1362
Aug-96 12-2-107-8W6 25 1038 1450 143 1583
Dec-96  12-18-110-7W6 21 582 1118 285 1400
Average 25 738 1,286 113 1,458
2) 156mm Single Pass Horizontal Re-entry
Feb-94 10-17-110-8W8 12 305 680 191 871
Jun-94  1-32/8-32-1058-8W6 29 1682 1200 280 1480
Aug-94 4-9/5-8-108-8W6 35 458 1628 235 1860
Sep-94 3-5-108-9W8 22 1041 950 130 i 1080
Oct-94  2-11-107-9W6 18 588 611 170 981
Nov-94 13-29-108-8W6 18 300 875 570 1445
Average 23 729 1,024 263 1,288
3) 88mm Slimhole Horizental Re-entry
Aug-95 02/11-32-107-8W6 17 436 B32 160 992
Sep-95 1-5-110-8W8 17 526 734 372 1106
Jun-88  15-7-109-8W6 19 768 975 190 1165
Jul-98  4-4-110-8W6 18 952 860 287 1147
Ocl-96  8-29-109-8W8 16 798 780 280 1060
Average 17 896 836 258 1,094

Figure 6-19. Slim-Hole Costs at Rainbow Lake (Hollies and Szutiak, 1997)

6.12 MARATHON AND HUGHES CHRISTENSEN (PERMIAN BASIN COSTS)

Marathon Oil Company and Hughes Christensen Company (Tank et al,, 1996) summarized
developments in bits, motors, and techniques that have reduced costs in the Permian Basin. Slim roller-
cone bits have played an important role in the slim-hole horizontal drilling applications. Several wells
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have been drilled with 37%-in. roller-cone bits on new 3'%-in. PDMs. New equipment and optimized
procedures have reduced per-foot costs by over 50%, increased total penetration per bit, and increased

wellbore displacement.

In previous operations with marginal development in the Permian Basin, slim-hole designs were used
in horizontal re-entries. Reduced ROPs were seen with earlier systems, and the cost advantages of a slim
hole were often offset by longer drilling imes, However, with new optimized systems, ROPs were nearly
doubled.

In the Yates Field Unit, short-radius profiles were often used due to the thin target zone. Lateral
lengths attained an average length of 190 ft in early efforts. With optimized bits and motors, the laterals
now achieve an average length of 780 ft.

... Slim-hole motor specifications are summarized in Table 6-8. Improvements in motors have been
shown to increase average ROP from about 30 fi/hr to 60 ft/hr.

TABLE 6-8. Slim PDM Specifications (Tank et al., 1996}

- 'Spécfﬁcfﬁﬁ;)ns for Typical Motor Used in the Yates Field Unit o
Motor:| . Bit | Design |  GPM | RPM | Temp | Diff. - | Max Oper.
| Size' - : Bize., - Radius . o ' _Limit [ Pressure: Torque -
3e" 34" - 4" 60" - 100" a0 -120 182 - 365 260F 400 ft lbs
3%t | 4% - 4%" 40' - 100" 1650 - 185 210 - 370 260F 683 psi 679 11 Ibs

Drilling performance has also been improved by using a thinner drilling fluid. Operators have
reduced the concentration of biopolymer, resulting in increased turbulence downhole and improved
cuttings removal.

The use of intermediate-radius profiles has allowed greatly increased lateral reach. Average
displacement has increased from 488 ft to 1300 ft. Marathon saved over $100,000 on each of three
intermediate-radius horizontal slim-hole re-entries. These new profiles have reduced the number of
correction runs needed. Longer runs have been enjoyed, along with faster ROPs and less formation
damage.

Additional information is presented in Bits.
6.13 MARAVEN, INTEVEP, CORPOVEN AND NABORS (VENEZUELAN EXPLORATION
PROJECT)

Maraven S.A. and Intevep S.A. (Cambar et al., 1995) and Nabors Drilling International Limited,
Maraven S.A. and Corpoven S.A. (Spoerker et al., 1995) described the planning, implementation,
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problems encountered and successes enjoyed during a multiwell, multiyear slim-hole exploration project
in Venezuela. Two purpose-built slim-hole rigs were used to meet specific project requirements, which
included high environmental sensitivity, full helicopter transportability, zero discharge drilling, and drilling
depths to greater than 13,000 ft. Over the project phase consisting of seven wells, overall times and costs
were close to estimates, 14,000 ft of core were recovered, almost all problems encountered were solved
through analysis and innovation, environmental restrictions were met, and overall costs were about 20%
less than conventional operations.

The learning curve showed significant ongoing improvements in time on location (Figure 6-20). The
most successful efforts were accompanied by careful planning and communication. The fifth well showed
a backward step in efficiency, due primarily to a relaxation in planning efforts and the adoption of a
“routine” attitude.

SLIM HOLE EXPLORATION PROJECT IN
WESTERN VENEZUELA

DRILLING TIME / 1000 FT

MAXIMUM VALUE ESTIMATED

DAYS/1000 FT

MINIMUM VALUE ESTIMATED

‘
WELLS

Figure 6-20. Drilling Time for Venezuelan Wildcats (Cambar et al., 1995)

Costs per 1000 ft are compared in Figure 6-21. The project team estimated that slim-hole savings
were about 20 to 30% as compared to conventional equipment.
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SLIM HOLE EXPLORATION PROJECT IN
WESTERN VENEZUELA

TOTAL COST /1000 FT

500

400
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100 +
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Figure 6-21. Cost/1000 ft for Venezuelan Wildcats (Cambar et al., 1995)

~ .7 The combination of standard rotary drilling for surface and intermediate hole, and continuous high-
speed coring for the target interval proved to be a viable drilling concept. They found that purpose-built
slim-hole drilling rigs can out-perform conventional equipment when the entire project cost is considered.

f :Ardditional details describing this project are presented in Coring Sysfems.

6.14 MINING UNIVERSITY OF LEOBEN AND RDS (SLIM-HOLE OVERVIEW)

‘The ;Mining University of Leoben and RDS (Millheim et al., 1995) presented a summary of the
history and status of slim-hole technology for oil-patch drilling. They believe that the technology is highly
under utilized and that 70-80% of all wells drilled could be drilled with some type of slim-hole system.
They considered the factors and dynamics that drive the acceptance and development of new technologies
(such as slim hole) within the industry and within individual companies. A summary of the major
operations and cost savings is shown in Table 6-9 (i.e., those that have been published).
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TABLE 6-9, Slim-Hole Projects (Millheim et al.,

1995)

Remarks Location Rig Depth Diameter Savings
{al Amoco drilled 40000 ft of Upper  Peninsulas, mining type SH rig 2206 m 6in. 4% in. and 3"/, n.a.
continuous care in the US | Michigan 1815 m holas
during 1987-89, explains Western Kansas 624,951 m
the concept of SHADS Southern Colorado 2931 m
West Texas
tb} Texaco continuous coring project | Parena basin, Longyear PM 603 2887m 3'Yy; in hole CHD 76 $3.6 Million total
overall core recovery | Paraguay rod costs, including core
99.4% analysig (26%
savings)
(e} Sheli, BBB, drilled 46 welis § countries ‘Retrofit’ rige with 3838 - B382 B% in, 6% in holes drilling coste per
Bastman Teleco destructively used “alotin 16 wellg in soft tourgue’ rotary m in Germany initially 4% in  as mater reduced by 19 -
and think" method of well Germany with BBB table or top drive, confidence growed 41% for 4% in wells,
eontrol mud motar thruster total well costs versus
depth below trend of
conventional well
{d) Qryx slimhole technelogy for Pearsall Field, re-entries: re-entries; re-entry: A) total cost index
hotizontal wells and re- | South Texas 1990 workover rig av. 603 m 3% in. new slimhole: B) lateral cost/ft index
ertries, destructive drilling, 1991 coiled tubing new slimholes; 4% in. re-entries savings:
compared slim, reduced new slim holes: 2955m vertcal 1980: a)0.85b) 1.72
and large holes small conventional | 961 m lateral 1991 2)0.50 b} 0.79
rig for wvertical, new slimhole savings:
workaver g for al 0.68b) 0.73
horizental sections
(e} Asamera 5 wellz drilled in remote- South Sumatra Longyear HM56 SH >1186m 3% in hole and 235 in $§9.52 Million
sawamp area, continuous heili rig production casing Estimated  for 5
coring appliad conventional wells,
$5.94 Million were
actual SH costs (40%
savings mainly due to
lower costs for
location construction
it Total 2 wells were drilled in Gabon Longyear PM 603 2747m and Jin and % in holes $12.8 Millien for 2
tropical ran forest, 418m wells, 15% savings
continous cored 59% of estimated it
the total ength drilled conventional wall
would have ne
problems
ig) BP, Exlog, Statoil slimhole drilling venture Congo helitranspartable SH 700 - 2500m n.a. 40% savings
was formed, continuous Rig, n.a.
coring applied
{h) 8P 4 weilis drilled, continuous Kayes “B", Congo Parker hybird SH 1132- 2086m 4.8 in hole 40% savings
coring and destructive Rig
drilling
{i} Mobil, Oxy 2 wells were continous Pando, Mantripi, Longyear PM 603 1981m 4'/,, in coring assembly 20 - 26% savings
cored Bolivia 1542m
1) Amaco continuous coring and | Creston Nosa, Rig No 170 3816m 3',, in coring assembly $500,000
destructive drilling Wyoming {41% savings)
K} Union Qii Comp, destructive drillad steam Bakorafisid, workover rig n.a % in tubing 5% in hole B0% savings
California injection well California
in Shell, Baker, “Retrofit" SH offshore Otfehore North Sea >3000m 5% and 4% in holes 10 - 15% savings per
Hughes Integ project, drilled high well
pressure walls
{m} Forasol/Foramer, introduction of Burosalim purpose-built SH rig project goais: project goals: 30% in non-remote
Diamant Boart | Project {16, 1994} 4000m 3- 3"/, in wells arsas
Stratabit 50% in very remote
areas (16, 1993)
in} Elf Aquitaine, 2 “ultraslim” holes were Paria Basin, France fitted for purposs 2167m and 3in hele and 3% in hoe | n.a
Forasol drilled destructive drilling slimhole rig (21, 2160m
and continous coring 1994)

applied
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The modern revival of slim-hole technology was driven by at least two major factors: flat oil prices
and the need to improve exploration results. Within the last several years, the center of activity in the slim-
hole industry has shifted away from the continuous-coring applications and systems that characterized
early efforts in the modern revival. The question of “why drill a slim hole?” should currently be addressed
in the context of reducing overall project costs (on a macro scale). When overall project costs are lower

than those costs using a conventional project approach, slim holes should be used.

Millheim et al. mentioned the outside forces of environmental pressure and profit accountability.
Slim-hole technology is able to address increasing environmental pressures and concerns. The drive to
reduce costs may also serve to overcome established levels of risk aversion within an organization and
result in greater slim-hole usage than would normally occur.

Additional information is presented in Overview.

6.15 NORSK HYDRO, NORSKE SHELL AND MERCUR SUBSEA (SLIM-HOLE DRILLING
FROM LIGHT VESSEL)

Norsk Hydro Production, A/S Norske Shell, and Mercur Subsea Products (Carstens et al., 1996)
described the design of a slim-hole drilling vessel to be used for reducing costs at 5000-ft water depths.
The vessel is dynamically positioned and fully heave compensated for tripping and drilling. A high-
pressure riser is used, eliminating the need for kill and choke lines. They analyzed the market for such a
vessel and determined that the greatest potential is for subsea well intervention and exploration drilling
in deep water.

System costs and operating expenses are estimated in Table 6-10.

TABLE 6-10. Costs of Slim-Hole Drilling System (Carstens et al., 1996)
System Cost and Time-Dependent Operational Cost
Dynamically positioned NMD class 3 vessel
Heave-compensated rig.
9" bore 10000 PSI riser

Rated for 5000 ft water depth and 16000 ft drilling depth.

Delta-Shaped Mong-Hull Vessel (Ramform)

Total investment cost 170 mill US$
Total daily cost* 190,000 US$
Mini Semi-Subrnersible

Total investment cost 1100 mill US §
Total daily cost* ;120,000 US %
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Norsk Hydro performed a time analysis comparing slim-hole light-vessel costs with conventional.
They assumed that slim-hole drilling is slower than conventional drilling. They then calculated the time
factor that would result in break-even costs with the slim-hole approach. These data (Table 6-11) suggest
that a mono-hull light vessel could require 2.3 times more days on location and still break even.

TABLE 6-11. Drilling Time for Break-Even Costs (Carstens et al., 1996)
Break Even Cost Factors for 5000 ft. Water Depth

Time-dependent daily costs in Norwegian waters:

Conventional operation :210,000 US$
Light meno-hull 180,000 US$
Mini semi-sub

Time consumption factor on a well that gives equal cost:

Light mono-hull :210,000/90,000 = 2.3

Mini semi-sub :210,000/120,000

1.7

The project team concluded that slim-hole drilling from a dynamically positioned light vessel is a
feasible option for offshore operations to depths of 5000 ft. A significant reduction in costs is possible.

Primary savings are in the use of a high-pressure riser and full heave compensation.

Additional information is presented in Rotary Systems.

6.16 OMV AG AND OIL & GAS TEK INT. (SLIM-HOLE PRODUCTIVITY)

OMV AG and Oil & Gas Tek International Limited (Kroell and Spoerker, 1996) provided a review
and analysis of slim-hole production and hydraulics issues. They believe that the drilling industry has
conclusively demonstrated that slim-hole technology can be used to reach objectives and is usually
technically and economically feasible. They discussed completion and production aspects and the impact
of slim wellbore diameters. For most cases, constraints on production are minimum, although more

planning for completions, artificial lift, etc. will likely be required.

They also state that “only low- to medium-permeability reservoirs should be completed with slim
holes.” Economic advantages of smaller wells and equipment have to be compared to overall costs with
a life-cycle analysis (Figure 6-22). Production constraints may offset the advantages of initial cost savings.
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. Figure 6-22. Life-Cycle Economics and Well Diameter (Kroell and Spoerker, 1996)

- “Additional discussion is presented in Hydraulics.

6.17 PANCANADIAN PETROLEUM AND BMW PUMP (SLIM-HOLE PC PUMP)

PanCanadian Petroleum Limited and BMW Pump Inc. (Chachula and Anderson, 1995) described
the development and field testing of a slim-hole high-volume progressive-cavity pump for lifting viscous
o1l (12° API) with a high sand content. Testing showed that increased efficiency would be attainable at
lower rotary speeds in slanted (35-45°) slim holes. Savings in drilling and completion by using slim holes
amounted to 18% for a typical 16-well pad.

Two slant wells at Frog Lake were chosen for prototype development of a slim-hole progressive-
cavity pump. Through these tests PanCanadian hoped to gain sufficient confidence to proceed with further
applications of these pumps in slim wells. The downhole equipment for a typical slim completion is shown

in Figure 6-23,
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Figure 6-23. Downhole Equipment for Slim PC Pump (Chachula and Anderson, 1995)

Results with the slim progressive-cavity pumps were successful. Pump efficiencies increased
significantly (to 85-95%) across the entire pump life. The low rate of sand-ins in the prototypes prompted
the operator 1o proceed with additional installations inside 140-mm (5'2-in.) casing. Sixteen wells were
next drilled at inclinations ranging between 12 and 45°. Overall cost savings with respect to the
conventional 178-mm (7-in.) completion averaged 18% (Table 6-12).
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TABLE 6-12. Slim-Hole Cost Savings (Chachula and Anderson, 1995)

DETAILS 178 MM CASING 140 MM CASING COST BAVING
Surface Hole
Syrtace Hole Sirs mm: n 311
Syriwcs Casing Size; :;‘6'; ;;D?;
Walight kg/m: .
[1=] r:‘n: 28 o500
Grade; H40 355
Connaction STEC ATAC
&m: 85.08 38.03
Hole Dapth m: 100 »
Cusing Costa §: 8800 1000 A0
Cament
Surtece © L] 3
Excess %100
Surfece Gemant Cost §: 3300 2100 1400
Main Mol
Main Hole Size mm; n 200
Production Cag Size mm; 1mr.a 12::.1
Wi Ipm: ne .
Gr::::‘ J-58 385
Cannection: STRC STEG
&m: 31.88 21.08
Hole Dapth m: (1] ors
Caning Costs §: 21400 14200 7200
Cament
Main Hole £ 17 20
BExcasa 30
MEE 620
Prod'n Cament Cost ): 4800 10400 {1600)
Other Savings:
Rig @ 12 i Was: (@ 12W3/dey) ;:
Mud, weber, ste. @ 10% lesa
Blis orn & vash.
222 mm tooth bit = 32123
200 mam tooth bit = $1980

Additional details on this development are presented in Artificial Lift.

6.18 SHELL ROMANIA, FORASOL AND SECURITY DBS (ROMANIAN PROJECT)

Shell Romania BV, Forasol Romania, Forasol Foramer and Security DBS (Groenevelt et al., 1997)
summarized the operations of a three-well slim-hole project in Transylvania, Romania. The Foraslim 1
rig, designed for depths to 3500 m (11,500 ft), was used both for destructive drilling and wireline-
retrievable continuous coring. The new rig is designed for remote onshore operations for low
environmental impact, high drilling efficiency, high safety at the wellsite, and complete geologic

evaluation.

The camp site was 2000 m? and the rig site 2500 m?. These areas did not represent the minimum
site sizes for operation with the Foraslim-1. Winterizing the operation required an increase in space.

Four primary service contracts were managed by the lead contractor Forasol. These included 1}
cementing and pumping services, 2) mud engineering, 3) borehole surveying and directional drilling, and
4) mud logging with kick detection.

The critical 4%-in. section was to be drilled with a wide choice of bits designs including tricone,
PDC, TSP and natural diamond. Field results showed that performance of newly designed slim bits with
low WOB was as good as conventional. Optimization of bit design continued throughout the three-well
campaign.

Time and depth curves are shown for the three wells in Figures 6-24, 25 and 26.
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Figure 6-24. Drilling Time for First Well (Groenevelt et al., 1997)
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Figure 6-25. Drilling Time for Second Well (Groenevelt et ai., 1997)
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Figure 6-26. Drilling Time for Third Well (Groenevelt et al., 1997)
. The 4-in. liners were not required since the slim hole sections were stable.

" Several 2-in. cores were taken in the 4%-in. section. A new design of wireline core barrel was
developed by Security DBS. A hydraulic hold-down was used to connect the inner tube to the outer tube
instead of latches. The operator concluded that coring operations were very effective. Success is
summarized in Table 6-13.

TABLE 6-13. Core Recovery {Groenevelt et al., 1997)

.Wéll - ‘C-orf_.- Le:ng?h (m‘IV\j ;Réc::oﬁrv_i(%! 1 S-m"co@ cut - | : 9:m core récdﬁe; .:
1 43 93 2.3 4.2
2 167 88 5 2.5
3 24 96 6.6 3

Project participants found that coring ROP was similar to that for drilling. Consequently, economics
for coring were similar to those for drilling.

A complete range of logging tools were run in the 4%-in. sections. Several tools were available for
running in the 3%s-in. contingency hole (Table 6-14), had that become necessary.
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Table 6-14, 3%-in. Logging Tools (Groenevelt et al., 1997)

Tool D;s;:r;ipti'g_m o Maﬁrﬁﬂ_m OD {inches)-
Dual Focused Resistivity 2%
Induction 2%
Array sonic 2%
Natural gamma ray 2%
Compensated Density 2%
Borehole Compensated Neutron 2%
Borehole Compensated Sonic 2%
High resolution dipmeter 2%
3-D seismic acquisition 2
Cable head tension 2%

. The.quality of the logs was very high. All hole sections were in good condition. Cuttings quality was
also good with both tricone and diamond bits.

Overall savings for the project were estimated as 20% less than conventional. Cost increases were
recorded for wireline logging and well testing, primarily due to the need for nonstandard equipment for
these operations. Total cost savings amounted to $1.2 million for the campaign.

The operators concluded that these wells were drilled almost problem free and within time and cost
budgets. They cautioned that problem time for contingencies would probably be greater than in larger
holes (should problems occur in a similar operation). Junk in the hole was found to be a more critical

concem 1n the slim holes.

Side-wall core samples in 4%-in. hole were generally of poor quality and highly fractured. Reservoir
characteristics were hard to discern from the samples. Basic lithology could be interpreted, however.

They also concluded that among the best applications for slim holes are development drilling projects
of multiple wells where the drilling plan is relatively optimized so that the potential for drilling problems
is minimized, where marginal cost savings per well will amount to a significant amount for the entire
program, and where a reduction in environmental impact is desirable.

6.19 UNOCAL THAILAND (SLIM HOLES IN THE GULF OF THAILAND)

Well-publicized exploration operations in remote areas have shown large savings with slim-hole
technology; however, operators involved in development drilling in more established areas also continue
to report significant cost savings. An impressive example is reported by Unocal Thailand in the Gulf of
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Thailand (Callahan and Schut, 1997) (Figure 6-27). Cost reductions due to optimizing conventional
operations had become flat by the early 1990s. After 1994, the standard offshore well design was
completely overhauled and replaced by a slim-hole design with a monobore completion. By 1997, wells
were completed in 6 days for $750,000 (a 42% savings compared to 1994), with times and costs continuing
to decrease. These slim-hole developments have transformed the future of operations in this area and
allowed continued economic development of the gas resources.
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Figure 6-27. Drilling Cost in Gulf of Thailand with Slim-Hole Technology
(Callahan and Schut, 1997)

~ Drilling time has also been reduced dramatically over the same period (Figure 6-28), with a
significant reduction since the slim-hole monobore design was implemented in 1994,
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Figure 6-28. Drilling Time with Improved Conventional and Slim-
Hole Technology (Callahan and Schut, 1997)
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Unocal has found that drilling performance (Figure 6-29) is improved in the slimmer wells in every
consideration. Running, tripping and pipe handling are all faster. ROP has increased through every
geologic section. A reduction in material requirements has reduced supply boat shipments by 25%.

D 1994 m 1988
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-1

g §F

Figure 6-29. Dirilling Efficiency for Conventional (1994) and Slim Hole
(1996) (Callahan and Schut, 1997)
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, Unocal adopted a simmer size hole of 6'&-~in. hole (Figure 6-30) for the initial foray into slim-hole
technology. They were more comfortable that bits, motors, MWD, stabilizers, high-strength drill pipe, and
logging tools were readily available for that size and could be applied using the same techniques and skills.
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Figure 6-30. Hole Size Programs for Gulf of Thailand (Callahan and Schut, 1997)

LA
Ll
LA L)

7@ 7D .

6-33 ©Maurer Engineering Inc.



They are continuing the evaluation of a slim design including a 4%-in. hole at the target. Results
of studies suggest that an additional $50,000 can be saved as compared to the current reduced-hole design.
Full-suite logging tools for high-temperature environments was mentioned as a current limitation for

applying the slim design.

6.20 UPRC (AUSTIN CHALK RE-ENTRIES).

Union Pacific Resources Company reports continuing cost savings averaging 30% for drilling
horizontal slim-hole laterals out of existing wells (Strunk, 1997). The alternative is to drill a new well
from the surface. A large number of vertical wells in the Austin Chalk were completed with 5'%-in. casing.
UPRC re-enters these wells and drills a medium-radius lateral with a 4%-in. bit. The approach has proven

very successful; they have more than 20 rigs drilling horizontal wells in the area.

They also reported that drilling efficiency in slim holes is not yet as high as in larger 6% to 8'%-in.
holes, although it is improving.
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7. Drilling Fluids

7.1 FORBRICO (FORMATE FLUIDS)

Forbrico (Hallman, 1996) described successful field applications using formate drilling fluids. In
one case, Mobil Oil Germany drilled a slim-hole gas well in the Walsrode Field using a 12.9-ppg
potassium formate fluid in the producing horizon with excellent results. Fluid maintenance costs were
reduced 75% compared to offset wells, ROPs were increased by 50% and circulating pressures lowered
by 30%. Friction coefficients were low and filtercakes were very thin and tough.

Previous wells had been drilled using KCl/gel/carbonate fluids. Mobil was interested in formate
drilling fluids due to their low solids content and stability of the polymer at elevated temperatures (325°F
BHT). They hoped to increase ROP due to improve hydraulics and hole cleaning.

o Tﬁg:;potassium-formate fluid was found to be superior to fluids used previously. In addition to
ignp{t_nj;dfdrilling performance, fluid properties remained stable at the elevated temperatures downhole.

7.2+ RF - ROGALAND RESEARCH (DRILL-STRING ROTATIONAL EFFECTS)

" RF - Rogaland Research (Hansen and Sterri, 1995) presented the results of experimental and
analytical analyses of frictional pressure losses for various drilling fluids in slim annuli. They observed

that frictional pressure losses increase as rotary rate increases with low-viscosity fluids. They attributed
this _ﬁha_nqmenon to the onset of centrifugal instability. Frictional pressure losses were observed to
decrease With increasing rotary speeds for high-viscosity shear-thinning fluids.

' Hansen and Sterri reviewed previous work investigating the hydraulics behavior of drilling fluids
in narrow annuli between drill pipe (or core rod) and the hole. Some studies reported that rotation of the
drill string increased frictional pressure loss. An important exception to this observation was Walker et
al. in the SHADS development, where it was observed that friction pressure decreased with rotation.
Hansen and Sterri surmised that this difference was due to the shear-thinning viscous nature of the SHADS
drilling fluid.

RF - Rogaland investigated axial flow of non-Newtonian fluids with centrifugal instabilities. Their
experimental apparatus (Figure 7-1) included a 4-m annular flow loop, a 1.25-in. drill string and a 1.57-in.
casing. The diameter ratio r1/r2 was 0.8 and is compatible with most slim-hole geometries. Rotary speeds
up to 700 rpm were used. Flow rates ranged up to 240 I/min (63 gpm).
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Figure 7-1. Flow Loop Apparatus (Hansen and Sterri, 1995)

E Pluids used in the experiments were various blends of water and CMC., Power-law models were
used based on the constants listed in Table 7-1. Fluid F1 was designed to represent a high viscosity fluid
and 10 ma.mtam laminar conditions at all times. Fluid F2 could achieve both laminar and turbulent flow
E}maer"ﬂlé fange of experimental parameters. Fluid F3 (water) was used to achieve turbulent conditions
at all flow.rates and rotary speeds.

TABLE 7-1. Rheology of Experimental Fluids (Hansen and Sterri, 1995)

< a | Fluid k [Pa-s"] n

| F 4.112 ~0.43

F2 0.066 0.77

[ F3 {tap water) 0.001 1.0

Pressure drops for fluid F1 were measured at a range of flow rates and rotary speeds (Figure 7-2).
These data were obtained with a drill-string eccentricity of 50%. Reduced frictional pressure is evident,

especially for the highest rotary speed (595 rpm). The largest magnitude of pressure reduction is about
20% (for 595 rpm versus 0 rpm).
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Figure 7-2. Flow Rate and Rotary Speed for F1 (Hansen and Sterri, 1995)

Pressure drops with and without rotation are compared for fluid F2 for the case of 40% eccentricity

mF1gure7-3 The y-axis variable, R , is the ratio of pressure loss with rotation to that without rotation.

Pressure losses for this fluid increase steadily with increasing rotary speeds. For rotary speeds less than

ab:éilfc'400 rpm, the magnitude of the flow rate was not observed to be significant.
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Figure 7-3. R, for F2 with 40% Eccentricity (Hansen and Sterr, 1995)

Flow rate does has a discernible effect for this case when eccentricity is reduced to 10% (Figure 7-4),
However, as in Figure 7-3, flow rates greater than 33 I/min produce similar impacts on pressure loss for

rotary speed less than about 400 rpm.
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Figure 7-4. R, for F2 with 10% Eccentricity (Hansen and Sterri, 1995)

RF Roga]and concluded that rotation can cause friction pressure loss to increase or decrease, and

is Ei,fl._»mcthn of Reynolds and Taylor numbers. The results are summarized as follows:

% For Reynolds and Taylor numbers less than critical values, friction pressure loss decreases with

e Fo? Reynolds and Taylor numbers greater than critical, friction pressure loss increases with
rotation

‘en friction pressure loss increases with rotation, the magnitude of increase is affected by flow

rate w1th ﬂme greatest effect observed at low Reynolds numbers.

“Additional details of R - Rogaland's experiments are presented in Hydraulics

7.3 SHELL RESEARCH AND HALLIBURTON ENERGY SERVICES MUD
DISPLACEMENT)

Shell Research Rijswijk and Halliburton Energy Services (van Vliet et al., 1995) performed a
theoretical and experimental study of cementing efficiencies in a slim-hole annulus using conventional and
special drilling fluids. They analyzed cement displacement for cementing a 3'-in. liner in a 4V-in. hole.
Both computer simulations and experimental results were compared. Harsh environmental conditions
were assumed: an HPHT well with a minimal window between pore and frac pressures. Their results
showed that a conventional solids-laden water-base drilling fluid cannot be fully displaced by the slurry.
However, a potassium-formate brine drilling fluid can be displaced at almost 100% efficiency. They
concluded that drilling fluids with low, flat gel strength that produce a thin, tough filter cake are greatly
preferred from the aspect of improved cementing efficiency in slim holes,

7-4 ©Maurer Engineering Inc.



A paramount concemn in slim-hole cementing operations is excessive frictional pressure loss when
pumping fluids at high rates in the narrow annulus (Figure 7-5). Rule-of-thumb recommendations suggest
a displacement velocity of at least 80 m/min (260 ft/min). It is challenging to achieve efficient
displacement of the drilling fluid while remaining below frac pressures in a slim annulus.

30 5

Pressure Loss (MPa)

i } | —

0 } } } | i
3N2xANE  S1RXAEB  IARxAIR PR AAVE  A2xel4  FARXAB F1Rx4

I Annulus Size (in)

Figure 7-5. Pressure Losses in Slim Annuli (van Vliet et al., 1995)

Computer simulations were performed using a modified Bingham plastic model that did not include
the effects of eccentricity or rotation. Two basic drilling fluids were modeled: 1) conventional water-base
ﬂui‘dw\‘ifeirghted with barite and 2) caesium formate brine-base fluid with xanthan polymer. A weighted
épécéf (SG = 2.34) was required. Spacer volumes corresponded to either 300 or 1000 m height in the
annulus. * Slurry density was also high (SG = 2.37).

..Results of the simulations indicated that an 80 nm/min annular velocity could not be achieved in the
314 By 4%-in, annulus of the HPHT well tested.

Two HPHT drilling fluids were tested (Table 7-2). The brine-base fluid is part of Shell Research’s
overall slim-hole development project underway for the past few years.

TABLE 7-2. Fluid Properties (van Vliet et al,, 1995)
APl mud fluid loss
T PV - YP 10°/10° gels Volume Cake thickness
Fluid (°C) | (cP - Ibs/100 f£) (Ibs/100 £t} (ml/30 min} {mm)
Conventional drilling fluid 80 43 - 38 50/115 8 3
Heavy brine based drilling fluid 80 43 - 27 517 4 0.5
Dual spacer 27 81 -26 417 -
Cement slurry 27 43-12 10/37 -
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The maximum displacement efficiency of the drilling fluid by the cement ranged only from 65-80%
with conventional muds (Table 7-3). A mud channel was observed in all cases. Increasing the contact
time of the spacer (test 4) or slurry (test 5) did not improve displacement,

TABLE 7-3. Experimental Results (van Vliet et al., 1995)
Test |Average pipe Fluids Annular velocity] Contact |Pressure to break|Mud displacement
d-off (%) {m/min) time {min} | circulation (kPa) | efficiency {%) Remarks
1 6 IConventional mud 100 80 620 79 Base case
Spacer 80 4
Cemant 50 12
2 17 Conventional mud 100 80 410 65 Base case
Spacer BO 4
ICement 50 12
3 8 IConventional mud 100 80 480 78 Attempt to
KChem. wash 80 4 Femove mud
[Spacer 80 4 with chemical
Cement 50 12 lw'ansh
| & 13 [Conventional mud 100 80 550 66 Cement
| R Spacer 80 12 volume
Cemeant 50 12 doubled
“EI13 Conventional mud 100 80 550 €6 ICement
‘ Epacer 80 4 volume
ement 50 24 doubled
12 Brine-based mud 100 80 100 95 IBase case with
g Spacer 80 4 PFX-2 mud
Cemant 50 12
7| e Brine-based mud 100 80 70 93 No pipe
: ISpacer 80 4 kotation
Cement 50 12
g 7 7 Brine-based mud 50 160 70 95 Lower annular
[Spacer 50 6.5 velocity of mud
Cement 50 12 land spacer

Remarks: 1) Tests were preceded by 8 hr mud circulation stage.
2) Pipe was rotated att 20 RPM, except in tests 7 and 8.
3} Test temperature was 90°C,

Results with the brine-base muds were excellent (close to 100% displacement). Fluid properties that
were found to be important were not primary rheology (PV, YP). It was determined that it is important
to use a drilling fluid with low, flat gels that form a thin, tough filter cake.

Shell Research Rijswijk and Halliburton Energy Services concluded that, for cementing slim-hole
wells, it is very important to use a drilling fluid that has a low, flat gel strength and forms a thin, tough
filter cake. Brine-based fluids are representative of these types of fluids.

Additional data are presented in Cementing.
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8. Horizontal Drilling

8.1 BLUE RIDGE DIRECTIONAL SERVICES (MIDWAY FIELD RE-ENTRIES)

Blue Ridge Directional Services (Harry, 1997) reported on the successes of medium-short radius re-
entry drilling in the Midway Field in Arkansas. The third attempt at horizontal drilling (the first two were
only marginally successful) in the field was conducted in 1997 with increased success. Medium-short
radius curves are being drilled. In a neighboring field, one well may be a record length for horizontal
length (over 2400 ft) in the 4%-in. re-entry (Figure 8-1).

_/\ BLUE RIDGF
[ —
\ DI CTIONAL SERVICYS. INT
e ————————

[P view] [P g 14e 1™ surxnem | *: Moy 13 e v Tova P b Cavimima = 337" 10T
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Figure 8-1. Directional Survey of BFU 16-4 Re-entry (Harry, 1997)

The successful equipment included a 3%-in. motor with 4° or 3.5° single bends. These are used to
drill the hole at a build rate of 45-70°/100 ft out of 5'4-in. casing. A variety of PDC bits have been used,

with each completing several laterals before being retired.

8.2 BP ALASKA (HORIZONTAL SIDETRACK)

BP Alaska reported (Downhole Talk Staff, 1995) successful operations drilling a 4%-in. sidetrack
(P-12a) at Prudhoe Bay. Almost 1000 ft of 4%-in. hole were drilled before drilling was stopped due to
geologic constraints. A 3%2-in. mud motor was used. Operations were very similar to those used for 6-

or 6%-in. laterals. The hole was completed with a 3%-in. slotted liner.

BP Alaska reported that instantaneous ROPs were greater than those observed in larger holes. In
one interval, ROPs of 250 ft/hr were observed, as compared to 100 to 120 ft/hr in a 6-in. hole,
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8.3 BPB WIRELINE SERVICES (CT-CONVEYED SLIM LOGGING TOOLS)

BPB Wireline Services (Houpe, 1996) summarized the benefits and availability of slim logging tools
suited for use in horizontal wellbores. Coiled-tubing conveyance has been proven as superior to jointed-

pipe methods. Lateral penetration
225 INCHTOOLS

. R lod targh 1) ° limits resulting from buckling have

x0 T L e I - * been - extended through various

Wl Clorr ’ L '."T;L‘[ v 8 methods including larger CT and

g y A i M = . i Eg temporarily hanging small tubing or

i 100 P H of : a ,;1-5" - g B casing to the lowest vertical section
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TH :‘.——:;::;;:=::::"::“" E ; g the vertical section effectively
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= ! ’ ’ I b ] H J‘L Ak ia } horizontal wells. The rigid tool

g 100 IS *'wj'? L » g; length for 2%-in. tools is plotted in

& H ! e '; i ) 4_1:_”""' | g‘ the upper graph in Figure 8-2. The

IR T - 8 § lower graph is for conventional 3%-

o Tr 2 tools. A slim short logging tool
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Figure 8-2. Maximum Tool Length Through a Curve also used to minimize effective
(Houpe, 1996) string length,

string is preferred in most cases.

BPB Wireline provided example logs from a job in Germany to illustrate the benefits of logging in
horizontal holes, even when significant offset vertical well data are available. In one case, a re-entry was
drilled on coiled tubing and logged with the same rig. Coil size was 2% inches. The logging tools were
slightly smaller than the tubing, resulting in an ideal situation with respect to buckling and lateral
penetration.

The dual-density/gamma-ray/caliper trace from a slim horizontal sidetrack revealed several tight
lens. These barriers were blamed for previously observed pressure variations across the field. Significant
hydrocarbon deposits were revealed in the shaly sand analysis. The well-defined permeability barriers and
faults were revealed in greater detail than expected.
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Additional details are presented in Logging.

8.4 BP ALASKA (THROUGH-TUBING ROTARY-DRILLED LATERAL)

BP Alaska (Downhole Talk Staff, 1996) C-23A
described an innovative drilling operation based b Completed |
on through-tubing rotary drilling of a horizontal l
sidetrack. A 3%-in. lateral was drilled to a | m=zrg ",L" o
2.694 VD
length of 1478 ft and a 2%-in. liner run and
Lol G Mandi ocanon
cemented. The sidetrack of Prudhoe Bay C-23 1T e | e T ol e
13| 3070 | 3999 *
was completed at a cost of $1.3 million, about ] 3 e Dl B B
33% less than a conventional re-entry with ] | [ oy awooneas ’ :: :i::;i ;
tubing removal. The lateral was placed on 1'-?53?-?';-[1 q | T e 5
"y o parrn g il hyeid ot
production at over 4000 BOPD (35% above = N B b
Crossover @ B.OBY MD 1| sem | arer |
i 1 1 4830 | TR | M
projections). Ko e 2

The original production interval was
abandoned by placing a fiber-cement plug
across the perforations with coiled tubing. The

milling assembly was run through the 4):-in.

production tubing tailpipe and a window milled

in the 7-in. production liner. After milling, a N i N
directicnal assembly was used to drill the curve e L:'
at a planned rate of 30°/100 ft. A lateral drilling —

assembly was then used for drilling the lateral
out to 1478 ft.

|-\ Dovinsqueeced Purborations
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10126 . 10 Y M0

A 27-in. production liner (flush joint)

1 TE REVISEDBY COMI TS .
was successfully run to TD and cemented in L Vo B e N oo v o
11 . . API G 50-078- 2077801
place. The same 1''/,,-in. work string was used SEC 18 111N RUE
BP Expioration [Alszka)

to run perforating guns in the liner.
Figure 8-3. (C-23 Completion (Downhole Talk Staff,
The complete wellbore schematic is 1996)

shown in Figure 8-3.

Important accomplishments and lessons learned in this project include the following: 1) through-
tubing rotary drilling is a technically and economically successful procedure, 2) well control in the small
annulus requires special attention, 3) torque and drag were lowered with lubricants, 4) build rates up to
50°/100 ft are attainable with current technology, 5) only minimal casing wear was measured in the
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existing completion, and 6) through-tubing rotary drilling is economically competitive with coiled-tubing
drilling.

8.5 MARATHON AND HUGHES CHRISTENSEN (PERMIAN RE-ENTRIES)
Marathon Oil Company and Hughes Christensen Company (Tank et al., 1996) summarized

developments in bits, motors, and techniques that have reduced costs in the Permian Basin. Slim roller-
cone bits have played an important role in the slim-hole horizontal drilling applications. Several wells
have been drilled with 374-in. roller-cone bits on new 3Va-in. PDMs. New equipment and optimized
procedures have reduced per-foot costs by over 50%, increased total penetration per bit, and increased

wellbore displacement.

In previous operations with marginal development in the Permian Basin, slim-hole designs were used
in horizontal re-entries. Reduced ROPs were seen with earlier systems, and the cost advantages of a slim
hole were often offSet by longer drilling times. However, with new optimized systems, ROPs were nearly
doubled.

In the Yates Field Unit, short-radius profiles were often used due to the thin target zone. Lateral
lengths attained an average length of 190 ft in early efforts. With optimized bits and motors, the laterals
now achieve an average length of 780 ft.

7 A standard truck-mounted workover rig is used to drill these slim-hole re-entries. Equipment
includes a triplex pump, power swivel, and 27%-in. drill string. TADC 537 and 547 roller-cone bits have
been found to be best suited to this geology. Diamond bits have been used and have demonstrated less

success than roller cone. One exception is a coated TSP bit.

A typical bit (Figure 8-4) is as short as possible to enhance directional capability.

Figure 8-4. Short-Body 4%4-in. Bit (Tank et al., 1996)
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Motor designs have been improved by lengthening the housing of the build section (Figure 8-5).
This modification proved to enhance the positional stability of the BHA.
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Figure 8-5. Typical PDM in Permian Basin (Tank et al., 1996)

.

. Drilling performance has also been improved by using a thinner drilling fluid. Operators have
reduced the conceniration of biopolymer, resulting in increased turbulence downhole and improved

cuttings removal.

The use of intermediate-radius profiles has allowed greatly increased lateral reach. Average
displacement has increased from 488 ft to 1300 ft. Marathon saved over $100,000 on each of three
intermediate-radius horizontal slim-hole re-entries. These new profiles have reduced the number of
correction runs needed. Longer runs have been enjoyed, along with faster ROPs and less formation
damage.

Additional information is presented in Bits.

8.6 PETROLEUM ENGINEER INTERNATIONAL (SLIM MWD TOOLS)

Petroleum Engineer International (Perdue, 1996) surveyed the logging service industry and provided
a summary of developments in slim-hole MWD tools. Teols are available that fit into drill collars as small
as 3% inches. The availability of smaller tools has extended their application into new areas such as high
risk for stuck pipe, high temperatures, low-budget wells and remote locations. The cost of drilling
horizontal wells has been significantly reduced through integrated MWD systems.

Slim-hole activity has increased in the Gulf of Mexico in recent years. The first slim horizontal well
was drilled there with a 3%-in. directional/gamma-ray tool in 1993. Over 80 sidetracks have since been
performed in the area.
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Re-entries of old wells is the fastest growing segment of the slim-hole MWD market. Many of these
involve drilling 6-in. horizontal laterals out of 7-in. casing. MWD has also proven to be an ideal tool for

rapid evaluation of slim wildcats.

New capabilities are continually being added to slim MWD systems. Drilling Measurements Inc.
provides a wireline steering system (probe OD of 1 in) that measures directional data, gamma ray,
temperature and vibration, and incorporates a wet-connect system that permits drilling rotation. This type
of system is widely used in the Austin Chalk and for underbalanced and aerated-fluid applications.

Halliburton Energy Services, Schlumberger Anadrill, Baker Hughes INTEQ and Sperry-Sun all
report significant interest in their sim MWD systems and capabilities.

8.7 REED TOOL COMPANY (NEW SLIM BITS)

. Reed Tool Company (Neal, 1996) described the development process for an improved 4%-in. insert
bit for slim-hole horizontal re-entries. A special concurrent engineering approach reduced development
time for the new bit by about 25%. Animproved cone retention design resulted in increased performance
in several field applications. A savings of 40% compared to previous horizontal wells was reported for
one operation in New Mexico. This represented a cost reduction of $52/4t.

The primary improvement in the design of the new 4%-in. bit was the use of a two-piece threaded
ring retention mechamism to attach the cone on the journal (Figure 8-6). Ball bearings, the most common

means to retain cones, have been found to be less effective in slim bits.
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Figure 8-6. Cone Retention for Slim Bit (Neal, 1996)
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Several field tests were performed with the bit in Canada, New Mexico and North Dakota. Data
from offset wells were analyzed in detail for performance comparison. Overall results showed that bits
run in build sections drilled an average of 295 ft in 25 hr at 10,000 1b WOB and 180 rpm. No bearing
failures were reported. Bits run in the lateral drilled an average of 580 ft in 30 hr at 12,000 Ib WOB and
320 rpm. Fourteen percent bearing failures were reported. Bits run in vertical sections drilled an average
of 419 ftin 36 hr at 16,000 1b WOB and 50 rpm. No bearing failures were reported.

Footage drilled per bit is compared for several field trials in Figure 8-7. Drilling hours are compared
in Figure 8-8.

Figure 8-7. Footage Drilled for New 4%-in. Insert Bit (Neal, 1996)

BUILD SECTION
2. . B
| I
' - - m‘:‘_‘r" - u‘ -

orraar

Figure 8-8. Hours Drilled for New 4%-in. Insert Bit (Neal, 1996)

8.8 PANHANDLE EASTERN AND SLIMDRIL (HORIZONTAL STORAGE WELL)

Panhandle Eastern Pipe Line Company and SlimDril International (Gredell and Benson, 1995)
described planning and successful drilling/completion of a slim horizontal into the Howell gas storage field
in Livingston County, Michigan. A new well with a 2000-ft lateral was placed under the city of Howell.
Costs, while higher than normal due to the stringent requirements for drilling in an urban setting, were
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considerably reduced by slim-hole technology. A slim well design was selected to minimize rig
requirements and conserve space. The horizontal well produced at rates about four times greater than a
nearby offset vertical well.

About one-third of the storage field lies under the city. Cycling of stored gas in this section of the
reservoir was limited by a lack of wells (Figure 8-9). This problem was confirmed by shut-in pressure data
from wells in this section. Objectives of the project included increasing the volume of working gas that

can be cycled from the field, and increasing the deliverability (production rate) during late-season
drawdown.

. “' k=3 ._,/—a.\

5 i 7 s e LB

Ik h o - s 5 g -\-\6\» )
it N . , s %7 Howell storage field
\ / Livingston County. Mrch

[ Horizontal well t:j‘%ﬁ% 0 ame
- | — =40
\ -3020 ——

Figure 8-9. Howell Field Storage Wells (Gredell and Benson, 1995)

Several technical and operational issues were addressed during planning, including modeling
performance of a horizontal well, special environmental/safety concerns for an urban setting, protecting
theimtegrity of the storage zone, and geosteering the lateral within a thin reservoir. The average depth of
thereservou is 3900 f&. Permeability in the targeted section 1s about 50 md and porosity 10%. Reservoir
modeling for the proposed horizontal well suggested that interference effects would be minimum,
especially for laterals as long as about 2000 ft (Figure 8-10).

it

~ Incremental recovery, MMcf -

Flgure 8 10 Modeled Well Productlon (Gredell and Benson 1995)
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A medium-radius curve was selected (9.6°/100 ft) to ensure that casing could be successfully run
to the beginning of the lateral (Figure 8-11). The 4%-in. lateral was completed open hole based on
reservoir competence.

J L&/ﬂi-in. conductor to 100 ft

/ 11%4-In. surface casing to 400 it

/B%-in. intermediate casing to 2,000 #
51%4-in. production casing to 4,272 it

4%-in. open hole to 6,272 ft

J

Figure 8-11. Casing Program (Gredell and Benson, 1995)

A clear brine fluid was used for drilling the lateral to minimize formation damage. Low solids were
maintained to minimize damage, torque and drag. High-viscosity sweeps were periodically run to clean
the hole. The BHA (Figure 8-12) included a 4%-in. PDC bit, a 3%e-in. motor and two Monel drill collars.

Drill pipe

Rotational wet
connect system

274-in. Spiral Wate

. Monel collars
Hardwire

MwWD/gamma
LWD system
Orienting/circulating/
float sub
3%-in, steerable PDM

-+— Bent housing

4%-in. MP-48 ——lé

Figure 8-12. Drilling BHA (Gredell and Benson, 1995)
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8-9 ©Maurer Engineering Inc.



The first section of the lateral was drilled at very high ROPs (over 60 ft/hr). During a connection,
a kick occurred and unloaded most of the annular volume. The relatively small annulus was believed to
be a key factor in the effects of the kick. After that point, ROP was limited to 20-30 fi/hr to control the

gas influx into the annulus.

After drilling was completed, a CT rig was used to unload the well with nitrogen. A small acid wash
was also performed. The well stabilized quickly.

After the well was tied into the field pipeline, stable flow rates of up to 100 MMscfd were recorded.
This represents about four times the productive capacity of a vertical well.

8.9 SCHLUMBERGER ANADRILL (MULTIARRAY RESISTIVITY MWD TOOL)

Schlumberger Anadrill (Bonner et al., 1995) described a new 4%-in. mixed borehole-compensated
2-MHz érr“ay resistivity tool used for resistivity MWD in slim holes from 5% to 6% inches. The tool can
be used in real time to steer the well within the reservoir and help maintain the well path within the pay
zone. It combines the benefits of multispacing probes for formation evaluation with the
éld\}antages of borehole compensation.

All
NC3E
Box

The tool 1s 21 ft in length (Figure 8-13). The maximum build rate allowed 1s

15°/100 ft during rotation and 30°/100 ft during slide drilling,. an!din
b y
Figure 8-13.  Slim Multiarray Resistivity Tool sm =t .
(Bonner et al.,, 1995) we—{ ) na
. . . g~ . . . . MeaduTe — -
The tool is useful for identifying low-permeability zones, discriminating between -

hydrocarbon and wet intervals. Borehole effects are only minimal in 6-in. holes. The sin— T}

resistivity and gamma-ray measurements can be used for real-time formation evaluation mn— b

in slim holes (minimum 5% in.). et

8.10 SCHLUMBERGER ANADRILL (SLIM MWD/LWD TOOL)

Anadrill recenily introduced a new tool that combines MWD and LWD in a slim BHA. The tool
is built into 4%-in. drill collars and is recommended for use in 57%- to 6%-in. holes (Kunkel, 1998). Build
rates up to 30°/100 ft while sliding and 15°/100 ft while rotating are achievable. The system proved its
ability to access “sweet spots” in the reservoir using azimuthal density geosteering in an early field
application. Well paths for the new tool (6-in. borehole) and one drilled previously and steered by
resistivity (8'2-in. borehole) are compared in Figure 8-14.
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The sensitivity of the new slim tool kept the bit in the lower high-porosity zone for almost the entire
length. Productivity indices were 2.4 for the first well versus 8.2 for the new lateral.

Conventional 2MHz
Resistivity Steering

22% Porosity -
15% Porosity

e
wrrmaT, o

Figure 8-14. Well Drilled with Slim Geosteering Tool (Kunkel, 1998)

8.11 TEXAS A&M UNIVERSITY (WELL CONTROL IN HORIZONTAL WELLS)

Texas A&M University (Choe and Juvkam-Wold, 1996) presented an analysis of well-control
procedures based on their simplified two-phase model that analyzes kick and pressure responses in
directional/horizontal slim holes and wells drilled with coiled tubing. They compared theoretical kill
sheets to conventionally devised procedures. Conventional kill sheets overestimated kill pumping
pressures. For directional/horizontal wells with high build rates, choke pressure is predicted to change
quickly without much kick expansion due to TVD change as the kick migrates through the curve. Their
study results suggested that a theoretically based kill sheet should be used for kill procedures in slim
directional/horizontal wells, along with a small safety overpressure.

Choe and Juvkam-Wold’s model is based on unsteady two-phase flow, one-dimensional flow along
the wellbore, water-base mud, negligible gas solubility, mcompressible mud, known mud temperature with
depth, and that the kick enters the well at current TD. Eight parameters are used to describe the system:

pressure, temperature, and gas and liquid fractions, densities and velocities.

In conventional operations, frictional pressure losses at low kill rates are normally minor. However,
frictional pressure losses are often critical for slim holes, for coiled-tubing drilling, and in choke/kill lines
for offshore wells.

Specifications for the slim-hole well analyzed in the well-control study are shown in Table 8-1,
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TABLE 8-1. Well Specifications for Well-Control Study (Choe and Juvkam-Weold, 1996)

Initial kick volume, bbls 2.0
Mud density, ppg 12.0
Plastic viscosity, ¢p 10.0
Yield point, Ibf/100 ft2 15.0
Bit nozzle diameter, 1/32 in. 3x10
Weli true vertical depth, ft 10,000
Depth of casing seat, ft 6,000
Inner diameter of last casing, in. 5.0
Open hole diameter, in. 4.25
OD & ID of drill pipe, in. 2.875x2.441*
Pump capacity, bbls/stroke 017
Pump rate while drilling, gpm 143,
Kill mud pump rate, gpm 50.
Gas specific gravity (air = 1.0) 0.65
Surface temperature, °F 70.0
Mud temperature gradient, °F/100 ft 1.6
Formation permeability, md 5.0
Final hoid length, ft 2,000
Depth of kick-off point, ft 6,000
Build-up rate, deg./100 ft 1.433*

*also used for coiled tubing OD and ID

**for horizontal wells

Choke pressures for a well with a 2000-fi horizontal section are shown in Figure 8-15 based on both
the engineer’s and driller’s methods. No hydrostatic pressure reduction occurs in the annuius while the
2-bbl kick remains in the horizontal section. Therefore, the SICP and SIDPP are equal (520 psi) until the
influx begins to nise. The reduction in choke pressure due to the kill mud (engineer’s method) is not large

because the effect of gas expansion near the surface dominates.
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Figure 8-15. Choke Pressures in Horizontal Well (Choe and Juvkam-Wold, 1996)

Kill sheets based on model predictions and conventional field procedures were compared. Kill
sheets map the choke pressure required to maintain constant bottom-hole pressure. In the field, detailed
hydrostatic and frictional pressure data are not readily available. Kill sheets are often constructed by

calculating initial and final circulating pressures and assuming a linear path between them.

A comparison of modeled and field kill sheets for a vertical slim-hole well is shown in Figure 8-16.
The conventional kill sheet maintains bottom-hole pressure above formation pressure by an amount equal
to annular pressure losses. This overpressure may be too large in slim annuli, leading to fracturing, lost

circulation etc.

1200 ] ——  theoratical
— conventional
)
o
g 1 -
@ &0 ~ ICP =1104 ps!
£ ) FCP = 632 psi
a
g- .
5 30 1 verical slimhole
a { sipPP =520 psig N
4 13ppg kil mud kill mud at bit
0 v T Y T v ' ’
0 100 00 A0 40

Figure 8-16. Kill Sheets for Vertical Slim Hole (Choe and Juvkam-Wold, 1996)
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Kill sheets for a slim horizontal well with a 4000-ft lateral are compared in Figure 8-17. Pump
pressure is minimum when the kill mud first arrives at the lateral TVD. With the conventional sheet,

bottomhole pressure may be too high, resulting in failure of the casing shoe.

;

Pump pressure, psig

- theorelical
corventional

ICP = 1550 psi
FCP = 1115 psi

kil mudat  ill mud
tamet¢ a bit
horizontal well

1.433 deg/100 ft BUR
4,000 ft hoid saction

0
0

!

v ! v ] v Ll M I ' |} v

100 200 30 4«0 500 600

Number of strokes after start of kill mud pumping |

Figure 8-17. Kill Sheets for Horizontal Slim Hole (Choe and Juvkam-Wold, 1996}

" The same 4000-ft horizontal well was assumed for another case, this time drilled with coiled tubing
(Figure 8-18). Pressure is constant until kill mud fills the entire spool on the rig (4000 fi assumed). For

higher kill.rates, pump pressure will increase due to frictional pressure drop in the spool.

1600

Pump pressure, psig

- theoretical
— conventonal

ICP = 1514 psi
FCP = 1077F§si

kill mud fills
all reeled tubing

coiled tubing driliing
4,000 ft reeled string in a spool
2,000 ft final hold section

0

¥ LI LN R AN LANNND N R | L4

100 200 300 400 S0 60 A

Number of strokes after start of kill mud pumping J

Figure 8-18. Kill Sheets for Horizontal Slim Hole Drilled with CT (Choe and Juvkam-Wold, 1996)
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8.12 UPRC (AUSTIN CHALK RE-ENTRIES)

Union Pacific Resources Company reports continuing cost savings averaging 30% for drilling
horizontal slim-hole laterals out of existing wells (Strunk, 1997). The alternative is to drill a new
well from the surface. A large number of vertical wells in the Austin Chalk were completed with
5%-in. casing. UPRC re-enters these wells and drills a medium-radius lateral with a 4%-in. bit. The
approach has proven very successful; they have more than 20 rigs drilling horizontal wells in the

area.

They also reported that drilling efficiency in slim holes is not yet as high as in larger 6%z to 8%2-

in. holes, although it is improving.
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9. Hydraulics

9.1 FORASOL, ELF, TOTAL, IFP, AND GEOSERVICES (RESPONSE TO KICKS)

Forasol, Elf Acquitaine Production, Total, Institut Frangais du Pétrole and Geoservices (Dupuis et
al., 1995) reported the results of experiments to validate a kick-control method and a pressure-loss model
for use with slim-hole applications. They determined that the impact of rotation on pressure losses is
keyed to the Taylor and Reynolds numbers. For Re < 1000, pressure losses in the annulus increase with
rotation. For Re > 1000, the impact of rotation is greatly reduced. Experimental results of well-control
events showed that it is best to not perform a flow check after a kick has been detected, but rather to
quickly close the BOP.

"= - The principal objectives of the hydraulics experiments were to chart the increase in pressure loss
ﬁ%wgeregirﬁe. Well-control simulations were designed to evaluate the capabilities of surface detection
equipment, sensor response under various drilling scenarios, and procedural options for treating a gas kick
in a slim ﬁqle.

* Reduced annular clearances in many slim-hole applications have been shown to significantly impact
ECDs and the development of kicks. The project team conducted experiments in a pilot well that was
ouitfitted with pressure sensors at several depths (Figure 9-1). TD was over 900 m (2950 ft). A 3%-in.
bit was rotated on 2%6-in. mining drill pipe (flush joint). The corresponding annular clearance was 8.5 mm
(0.34 in®); ‘annular volume was 2.2 I'm (0.42 bbl/100 f1).

HUD CIRCULATION

Eﬁ. by /——— -=—— NITRDGEN INJECTION LINE
PRESSURE SENSOR ———
250 m
]
L MINING DRILL PIPE
PRESSURE SENSOR ——————— (M [
600 m
~— DRILL BIT
1
PRESSURE SENSOR K
916 m _—a 7
4" Coalng ——— THRUST BALL BEARING
11 Cosing

Figure 9-1. Well-Control Test Well (Dupuis et al., 1995)
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Drilling fluids were designed for these tests based on requirements typical of slim-hole applications.
Power-law fluids consisting of water-base mud with xanthan were investigated over a wide range of shear
rates. Viscosity was relatively low to allow investigations in both laminar and turbulent flow regimes.
Drilling fluid composition is summarized in Table 9-1.

TABLE 9-1. Fluids Used in Experiments (Dupuis et al,, 1995)

Fluid 1 Fluid 2
XCD congentration {g/l) 1.0 2.5
Specific mass (Kg/m®) 999.5 999.8
Zero shear rate viscosity (Pa-s) 0.205 4,68
Consistency index -K (Pa-g"} 0.112 0.720
Flow behavior index n | 0.48 0.30

e The variation of pressure along the wellbore was recorded as flow rates were varied. Typical results
without Igfation are shown in Figure 9-2. Fully established flow was observed for these data (based on
fluid 1), ™

5
- 4+ Run 1 Run 2
S 4 916m & 916m
T~ | ° 60m * 600m
EE 31 « 290m + 250m TR
= 5
g 9
= A
23 '
Q‘: S
- 11 & 3
J RL
0 st
0 100 200 300 400 500
Flow rate (I/min)

Figure 9-2. Pressure Gradient and Flow Rate (Dupuis et al., 1995)

The distribution of pressure drops along the circulation path (without rotation) is charted in Figure
9-3. Pressure drop in the annulus is greater than pressure drop in the drill string by an order of magnitude.
Losses in the surface equipment and drill string were modeled, and compare very favorably with measured

stand-pipe pressure (SPP).
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Figure 9-3. Distribution of Pressure Losses (Dupuis et al., 1995)

o 'Ihe impact of rotation on pressure losses for a range of flow rates is compared in Figure 9-4. Flow
was lammar for Reynolds numbers up to 1020; a significant increase in pressure loss with rotation was
observed for these laminar cases. At higher Reynolds numbers, there is much less relative increase with
rotation: " °

10'
300 Vmin
Re=23000
b =4
k:
5= - x [}
g€ P _ v 200 Vmin
::)3100 —r Re=8200
S~ L
H E ] — 80 Ymin
28 ] / Re=1020
1 +
& * a ° 40 /min
b Re = 430
10°"' T v T r
0 100 200 300 400 500
W (RPM)

Figure 9-4. Impact of Rotation on Annular Pressure Loss (Dupuis et al., 1995)

Kick-control procedures and methods were investigated by simulating gas kicks in the instrumented
test well. A mass flow meter (Figure 9-5) was used to inject nitrogen at a constant rate to the bottom of
the well. Kicks were simulated while drilling and when circulation is stopped. Continuous injection in
an open well and gas migration in a closed well were also investigated.
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Figure 9-5. Flow Regulation for Kick Simulation (Dupuis et al., 1995)

‘ Flow variables for a simulated kick while drilling are plotted in Figure 9-6. Differential pressure
for the kick was 1 bar (15 psi). Flow out increases exponentially until drilling (rotation) is stopped. This
is due to the cumulative gas volume in the well and volume expansion as gas approaches the surface.
There is a'time delay between kick responses in flow out versus pit level. This demonstrates the need for

accurate flow measurement to allow rapid detection of kicks.
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Figure 9-6. Simulated Kick While Drilling (Dupuis et al., 1995)

-] Tume (min)

If, in response to a kick, rotation and circulation are stopped, the pressure differential between the
annulus and formation will be increased, leading to increased gas nflux (Table 9-2). Consequently,
performing a traditional flow check can be counterproductive to controlling a kick.
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TABLE 9-2. Kick Influx After Stopping Circulation (Dupuis et al., 1995)

Case 1 Case 2
400 rpm 0 rpm O rpm 0 rpm
300 I/min 0 l/min O l/min 0 I/min
Differential pressure 7 bar 31 bar 1 bar 23 bar
Reservoir/bottom hole
Gas influx 45 I/fmin 179 |/min 8 I/min 134 I/min
flow rate

Kick problems during a drill-pipe connection were simulated by stopping circulation and rotation
for 2.5 min and then resuming. Influx pressure was set at 7 bar (100 psi) over hydrostatic pressure. The
kick is not discernible (Figure 9-7) by monitoring differential flow until about 2 min after rotation and
circulation are stopped. Kick flow was also calculated based on a divergence in predicted flow versus
iﬁéasuféd fiow. The kick can be observed almost immediately using special kick-modeling software and

an accurate flow meter.

2,0
x X O 30 RPM, Ta=16
. + 60 RPM, Ta=d6
x . & 100 RPM, Ta=100
o o .« " * 200 RPM, Ta=290
T 1,57 x X 400 RPM, Ta=830
[ hJ .
a ]
E a a A L * X
7 + + a L 3 . s
3 1.0 8 O n + a & ;
1, 0
e T - °
0 RPM
0,5 ™ Y
10? 10° 10* 10°
Reynolds number

Figure 9-7. Simulated Kick While Making a Connection (Dupuis et al., 1995)

Gas mugration during drilling was also investigated. For one test, nitrogen was injected at a flow
rate of 210 Vmin (1.3 BPM) at the bottom of the fluid-filled well without circulation or rotation. Gas first
reaches the surface after about 4.5 min (Figure 9-8). Injection was then stopped and hole pressures

allowed to stabilize.

9-5
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Figure 9-8. Gas Migration During Kick (Dupuis et al., 1995)

| Aﬁer gas had migrated out of the hole, wellbore pressures had been decreased by 30 bar,
Iepresentmg aloss 0f 305 m (1000 ft) of hydrostatic head.

9.2.- HALLIBURTON ENERGY SERVICES (RESERVOIR PERFORMANCE)

| “Halliburton Energy Services (Azari et al., 1995 and Azari and Soliman, 1997) performed analyses
of shm—hole hydraulics with respect to production, stimulation, conformance, perforation, and reservoir
testmg Among the conclusions they reached are the following:

. Careful planning is required for successful slim-hole drill-stem testing. Good results are

achievable with current tools.

* The most significant limitation for slim-hole completion technology is additional frictional
pressure losses through slim tubulars. This can occasionally limit operational design, such as in
hydraulic fracturing.

* Pressure loss through smaller perforations is usually not significant. An exception is again the
case of high-rate hydraulic fracturing.

» Slim completions can be of benefit for well testing by minimizing wellbore storage.

+ Slim wellbores and tubulars have little impact on calculated maximum production rates to avoid
coning/cresting and times for water/gas breakthrough. The movement of phase boundaries is not
affected by changes in wellbore radius.
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Halliburton Energy Services commissioned Resource Marketing to survey slim-hole trends around
the world. Of about 776 surveyed slim holes drilled in 1992, half were undertaken due to favorable
economics. Ninety percent of the operations were mechanically successful; 60% were economically
successful. Of unsuccessful applications, the most-often cited reason was formation problems (not
production string limits).

Halliburton Energy Services found that a selection of tools for drill-stem testing is available with
ODs of 3%, 3, and 1% inches. Smaller tubing for running these tools results in lower tensile strength,
torque and weight at depth for operating tools, controlling well fluids, or retrieving stuck tools. Smaller
flow passages also require excellent solids control and minimizing the production of solids or sand.

Azari et al. also stated that, in slim holes, cased-hole testing is generally preferred over open-hole
testing because of reduced solids and debris (and consequent sticking problems) in open hole. Tools that
are-dctirated by annulus pressure are also preferred for superior operational ease and reliability.

.. Aseries of wellbore simulations was performed to gauge the impact of reduced diameter. A single-
p_ha_sé;;_ﬁ!;; simulator was used. Reservoir properties assumed for the analyses are summarized in Table
05 -

TABLE 9-3. Reservoir Properties (Azari et al., 1995)

D, PSia ‘ 4900 Depth, ft | 10,000

T, °F 200 Well comp., V/IMM/psi 20
L

r,. ft 2000 ¢, VIMM/psi 3.5

¢hc’ % 10 kv = kh‘ md 1

Dypr PSIA 2500 h, ft 20

Radial grid blocks 198

Production performance for 4-in. and 10-in. vertical wellbores is compared in Figure 9-9. The
difference in production is small and decreases throughout the production life. The difference in
cumulative recovered reserves is also relatively small.
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Figure 9-9. Vertical Wellbore Diameter and Production (Azari et al., 1995)

s The impact of hydraulic fracturing on these wellbores was considered next. The upper sets of curves

different.

-~ The unpact of these considerations with respect to horizontal wells was analyzed. Production curves
for 4- and 10-in. horizontal wells are compared in Figure 9-10. Production differences are most
pronounced at very early production times and converge after a few hundred hours of production.
Hydraul;g fractures cause the production differences in different sizes of wellbore to become smaller still.
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Figure 9-10. Hornizontal Wellbore Diameter and Production (Azari et al., 1995)
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Nodal performance of slim wells was compared. Basic reservoir properties for the analysis are
shown in Table 9-4. Hagedorn and Brown’s correlation was used.

TABLE 9-4. Reservoir Properties for Nodal Analysis (Azari et al., 1995)

k,. md 10 DPope PSia 2173
h, ft 20 Pune PSIA 100
T.°F 200 r, ft 5000
Y, “API 35.0 Pipe roughness 0.007
GOR, Mscf/STB 3560

Inflow/outflow curves are shown in Figure 9-11 for wellbores ranging from 1'2- to 4-in. ID. Each
ouifloW éiirve can have zero, one or two points of intersection with the inflow curve. These results suggest
that, at lqw flow rates and saturated conditions, small tubing is more efficient. Slug flow may occur in
small tubmg whereas bubble flow is more likely in larger tubing.

Tubing Curves
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t ‘\ \ N * N :‘ . o ' a\
3 " N p e L -.-a _X- a e
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Figure 9-11. Inflow/Outflow Performance Curves (Azari et al., 1995)

The impact of tubing size was also investigated for lifting water or condensate to prevent loading
problems in gas wells. Results are shown in Figure 9-12 for a gas well with a flowing pressure of 1000
psi, temperature of 70°F and deviation factor of 1.0. Minimum gas rates for keeping the well unloaded
increase with tubing size.
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Figure 9-12. Minimum Gas Rates to Lift Fluid (Azari et al., 1995)

:.,Pre;:sure losses increase with flow rate, depth, and decreasing tubing diameter. Fluids used in
fracturmg operations in slim holes must be carefully designed to reduce friction losses through additives
etc. 'Highei pressures should be planned for surface equipment and pump specifications.

| 'E’Thé'eﬁ'ect of tubing diameter on long-term production behavior of a well was also investigated. Of
qucié_l interest was whether coning or cresting are influenced by tubing size. The first analysis was of a
tWéS-phase_ oil/water environment. Parameters are summarized in Table 9-5.

TABLE 9-5. Oil/Water Coning Parameters (Azari et al,, 1995)

k,, md 1500 Top of perfs, ft 12,118
kv, md 1500 Bottom of perfs, ft 12,123
P,. gm/cc 0.62 Top of oil zone, ft 12,118
0,..gm/cc 1.1 Oil column, ft 16
B.. 1.4 re ft 1000
bbl/STB

Ha CP 0.3

Results show that only small changes are predicted for a 4-in. versus a 10-in. wellbore (Table 9-6).
Maximum allowable rates, pressure drops at the interface, and stable coning height remain nearly the
same. Similar results were obtained for the case of three-phase coning, that is, neither gas nor water
movement were significantly impacted by changes in well diameter.
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TABLE 9-6. Wellbore Diameter and Coning (Azari et al., 1995)

k,, md 1500 Top of perfs, ft 12,118
kv, md 1500 Bottom of perfs, ft 12,123
p,, gm/cc 0.62 Top of oil zone, ft 12,118
0, gm/cc 1.1 Oil column, ft 16
B,, bbl/STB 1.4 r, ft 1000
Yo CP 0.3 |

9.3 INSTITUT FRANCAIS DU PETROLE, FORASOL AND ELF
(HYDRAULICS MODEL)

* The TInstitut Frangais du Pétrole, Forasol, and EIf Aquitaine Production (Cartalos et al., 1996)
developed a hydraulics model for slim-hole geometries. Developed under the Euroslim project, the model
Was devised to predict flow behavior in the restrictive flow channels between slim drill pipe and casing.
Thelr model accounts for eccentricity of the drill pipe and effects of rotation. Close agreement was
obtamed W1th results from three field wells.

The sl1m-hole hydraulics model was devised as a stmulator for field operations. The development
mvolved three steps: 1) develop theory and mathematics based on realistic assumptions of rheology and

geometry, 2) validate model predictions with laboratory and field test data, and 3) compare model
predlct]ons to normal field operations.

It has been widely reported that pressure losses are influenced by eccentricity of the drill pipe.
Losses in a fully eccentric annulus may be as much as 60% less than in the concentric case, The project
team considered two idealized cases for eccentricity (Figure 9-13). The variable AL represents the
distance between contact points with the borehole.
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Figure 9-13. Drill-String Eccentricity Cases (Cartalos et al., 1996)

A pressure-loss mode! was derived to accommodate various functions e(x). The project team found
that, for geometries applicable to oil wells, results are relatively insensitive to the exact function selected.

Results are shown in Figure 9-14 for a Newtonian fluid and eccentricity of 0.8. Predictions and
experimental data are in good agreement. It is seen that pressure losses are lower in eccentric annuli in
both laminar and turbulent flow, but may be greater in transitional regimes.
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Figure 9-14. Friction Factor and Reynolds Number (Cartalos et al., 1996)

The effect of rotation was observed to vary with Reynolds and Taylor numbers. For drilling
applications, the Taylor number is usually above the critical value. For this case, pressure losses increase
with rotation. However, at very high Reynolds numbers, pressure loss is almost independent of rotation.

Data from field tests are compared to model predictions in Figure 9-15. These data are without
rotation. Excellent agreement is seen. Changes in slope of the results represent changes in flow regime
(from laminar to transition, then from transition to turbulent). The first well (pilot 1) had an annular gap
of 22 mm (0.87 in.); pilot 2 had a gap of 9 mm (0.35 in.).

©Maurer Engineering Inc.
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Figure 9-15. Comparison of Field Tests and Model (Cartalos et al., 1996)

-+ Three commercial wells were drilled under the Euroslim project, two in the Paris basin and one in
Gabo_n‘._a Géometries of these wells (including two sections of the Gabon well “Ozima”) are summarized

in Table 9-7.

TABLE 9-7. Euroslim Slim Holes (Cartalos et al., 1996)

LXE CVP 0ZIMA 0ZIMA
Wellbore
Casing size OD/ID lin) | 4.5/4.068 | 5.5/4.9 55/5.0 4/3.6
Casing length {(m} 920 719 1410 2400
Open hole size (in) 3% 4% 4% 3%
Drillstring
Drill pipe OD {in] 2.25 3.6 3.5 2.25
Drill pipe ID (in) 1.89 2.91 2.91 1.89
Tool joint QD (in) 2.60 4.13 4.13 2.60
Tool joint length {m} 0.6 0.7 0.7 0.6
—
Drill collar OD {in} 2.6 413 4.13 2.6
Drill collar D (in) 1.89 2.9 2.91 1.89
BHA fength (m) 290-360 250-280 | 185-240 | 270-364
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Water-base fluids (with bentonite and lubricant) were used in all slim sections, Stand-pipe pressure,
flow rate and rotary speed were recorded during drilling operation. Recorded and predicted stand-pipe
pressures are compared in Figure 9-16. The error was less than 5% for almost all observations.
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‘}'igure §-16. Measured and Predicted Stand-Pipe Pressures (Cartalos et al., 1996)

“The ﬁl&tjoﬂty of the annular pressure loss occurs in the open hole section. More than two-thirds of
the losses 6ccur at the drill collars, due to the highly restricted annular clearance.

- Velocity profiles were analyzed with respect to eccentricity, theology, etc. to study the overall
impéct on hole cleaning. Results for an eccentricity of 0.6 are compared in Figure 9-17. The velocity ratio
1s constant in both the laminar and turbulent flow regimes as Reynolds number is increased. While the
pbsition of the laminar plateau is sensitive to the value of n of these fluids, the position of the turbulent
plateau is not greatly affected by n,
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Figure 9-17. Velocity Profile and Reynolds Number (Cartalos et al., 1996)
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These results confirm that turbulent flow is preferred for improved cuttings transport in an eccentric
hole.

9.4 MINING UNIVERSITY OF LEOBEN AND OIL&GAS TEK
(HYDRAULICS REVIEW)

The Mining University of Leoben and Oil&Gas Tek International (Thonhauser et al., 1995) critically
analyzed the effectiveness of slim-hole hydraulics models. They compared field results from five deep
slim holes to various approaches for modeling hydraulics. It was determined that, in many cases, various
phenomena impact hydraulics behavior and are not accounted for in existing simulators. They concluded
that current models can only approximate hydraulics in slim wells, and additional improvements are

required.

As part of an effort to assess the accuracy of slim-hole hydrau